Fundamental studies on the diffusional mobility of unsaturated fatty acids in high-solid hydrocolloid matrices by Paramita, V
  
 
 
Fundamental studies on the diffusional 
mobility of unsaturated fatty acids in high-
solid hydrocolloid matrices 
 
A thesis submitted in fulfilment of the requirements for the degree of Doctor Philosophy 
 
 
Vilia Darma Paramita 
Bachelor of Agro-Industrial Technology from Bogor Agricultural University 
Master of Food Science from The University of Melbourne 
 
 
School of Science 
College of Science, Engineering and Health 
RMIT University 
February 2017 
i 
 
 
 
 
Dedication 
 to my beloved parents  
for their eternal love  
 
 
 
 
 
 
 
ii 
 
 
 
 
 
 
 
 
 
 
 
 
 “Surely with difficulty is ease” 
 (Al-Inshirah/The Expansion: 5) 
 
iii 
 
Declaration 
I certify that except where due acknowledgement has been made, the work is that of the author 
alone; the work has not been submitted previously, in whole or in part, to qualify for any other 
academic award; the content of the thesis/project is the result of work which has been carried out 
since the official commencement date of the approved research program; any editorial work, paid 
or unpaid, carried out by a third party is acknowledged; and, ethics procedures and guidelines 
have been followed.  
 
Vilia Darma Paramita 
25 February 2017 
 
 
 
 
 
 
 
 
iv 
 
Acknowledgments 
Praise for Allah the Most Merciful and the Most Kind for His generosity that I could manage to 
complete this research. His presence has given me strength to endure all difficulties throughout 
my life, so for that I would like to express my best gratitude.  
I would also like to acknowledge those people who have given me their guidance, support, help 
and encouragement for the completion of this thesis.  
I would like to express my sincere gratitude to my supervisor, Professor Stefan Kasapis for being 
a splendid teacher and a great thinker. He has patiently guided me to give the best of my ability 
and encouraged me to think “outside the box”. His insights on bringing the polymer concepts to 
food and neutraceutical application are inspirational. 
I would also like to thank my co-supervisor, Dr. Anna Bannikova, for sharing so much 
knowledge. She was there in the early stage of my PhD and offered me her sincere attention and 
advice on this project. Her kindness was undoubtedly a great support for the accomplishment of 
this thesis. 
I wish to acknowledge the support of my PhD panel; Associate Professor Benu Adhikari (Higher 
Degree by Research), Ms. Elisabeth Gorczyca, Dr. Bogdan Zisu, Dr. Peter Torley and Professor 
Harsharn Gill, as Head of Discipline, for their stimulating discussions during my candidature 
reviews.    
I personally want to thank Adjunct Professor Colin Rix for spending some of his precious time to 
discuss and revise this thesis.  
I am greatly indebted to the Australian Government through their Australia Awards program 
which has provided me a scholarship opportunity to pursue my PhD. I also offer my thanks to 
Ms. Jamie Low for managing the scholarship and providing supportive advice regarding my 
study in Australia.  
I would like to acknowledge my home institution, State Polytechnic of Ujung Pandang for its 
tremendous support during the years of my working and studying.  
v 
 
I would also express my gratefulness to RMIT University, Australia, for giving me such a great 
support throughout my four wonderful years in Australia. I wish to thank Food Science 
laboratory manager, Julianne Aloe and the technical staff: Lillian Chuang, Yan Chen, Mary 
Karagiozakis, Sunanda Sudharmarajan and Fiona De-Mendonca for their support and assistance 
in the research laboratory. I would also extend my gratitude to the Biological & Radiation 
laboratory manager, David Heathcote and technical coordinator, Julie Quach. I owe a big thank 
to RMIT Microscopy and Microanalysis Facility manager: Phil Francis and the technical staff: 
Peter Rummel, and Matthew Field. A big appreciation for the technical staff from the RMIT 
Vibrational Spectroscopy Facility, Frank Antolasic and the Chemistry laboratory manager, Karl 
Lang and the technical coordinator,  Zahra Homan and the technical staff, Ruth Capriano-Hall.  
I also wish to thank Food science colleagues Lita Katopo, Anastasia Fitria Devi, Paul George, 
Vinita Chaudhary, Sobhan Savadkoohi, Natasha Yang, Thi Ngoc Diep Duong, Enamul Haque, 
Sarim Khem, Carine Semasaka, Jasmeet Kaur, Yakindra Prasad Timilsena, Nashi Khalid Al-
Qahtani, Bo Wang, Geethu Gopinatha Kurup,  Billy Lo,  Arissara Phosanam, Nguyen Huong, 
Pham Loc, A.K. M. Masum, and my best friend Naksit Panyoyai for their friendship, happy and 
sad moments that they shared during the accomplishment of my study at RMIT University. 
Precious friendships and overwhelming kindness were also offered by Dharma Aryani, Yuniar 
Ponco Prananto, Nur Ana Sejati, Winda Fridati, Irene Syafridda, Ruth Widiastuti, Edi Riyanto, 
Agus Fredy Maradona, Putu Doddy Sutrisna, Sugiarto Badaruddin, Andro Prasetyo, Charles 
Conrad, Burhanudin Borut, Helen Tuhumury, Zubaidah Ningsih and Heni Muflihah. They were 
all the joy in PhD life.  
Finally, I owe my late father: Darmawan Mas’ud Rahman, my mother, Nadirah Mustafa and my 
aunt, St. Ama an enormous debt of gratitude. Their work ethics and values have instilled deeply 
in me a constant determination and desire to perform at my best. Thanks also to both of my 
sisters, Gufria Darma Irasyanti and Dyah Darma Andayani and my only brother, Gufran Darma 
Dirawan for being active listeners and advisors in my life. Their prayers, encouragement, and 
continuous support made the completion of my study a reality.  
 
 
 
vi 
 
Publications and presentations 
Some chapters in this research project have been presented in the following journal publications 
and presentations. 
 
List of publications 
Paramita, V. D., Bannikova, A., & Kasapis, S. (2016). Preservation of oleic acid entrapped in a 
condensed matrix of high-methoxy pectin with glucose syrup. Food Hydrocolloids, 53, 
284–292. 
Paramita, V. D., Bannikova, A., & Kasapis, S.(2015). Release mechanism of omega-3 fatty acid 
in κ-carrageenan/polydextrose system undergoing glass transition. Carbohydrate 
Polymers, 126, 141–149. 
Paramita, V. D., & Kasapis, S. (2016).The role of structural relaxation in governing the mobility 
of linoleic acid in condensed whey protein matrices, Food Hydrocolloids, in press. 
http://dx.doi.org/10.1016/j.foodhyd.2016.11.029 
List of oral presentations 
Paramita, V. D., Bannikova, A., & Kasapis, S. (2013). Preservation of essential fatty acids 
encapsulated in high-solid biopolymer matrices with glassy consistency. Presented at the 
Research Project Symposium in the Discipline of Food Science, 24 October 2013, 
Melbourne, Australia. 
Paramita, V. D., Bannikova, A., & Kasapis, S. (2014). Preservation of oleic acid entrapped in a 
condensed matrix of high-methoxy pectin with glucose syrup. Presented at the 12th 
International Hydrocolloids Conference (IHC), 5 to 9 May 2014, Taipei, Taiwan.  
Paramita, V. D., Bannikova, A., & Kasapis, S. (2014). How to preserve essential fatty acid? . 
Presented at the 3 Minute Thesis Competition, School of Applied Sciences Annual 
Research Day, 13 June 2014, RMIT University, Melbourne, Australia.  
vii 
 
Paramita, V. D., Bannikova, A., & Kasapis, S. (2015). Release mechanism of essential fatty 
acids in polysaccharide matrices undergoing glass transition. Presented at the 18th Gums 
& Stabilisers for the Food Industry Conference, 23-26 June 2015, Glyndwr University, 
Wrexham, United Kingdom.  Fully cited conference proceeding is available in Gums and 
Stabilisers for the Food Industry 18: Hydrocolloid functionality for affordable and 
sustainable global food solutions (2016), edited by Williams, P.A & Phillips, G. 
DOI:10.1039/9781782623830.  
Paramita, V. D. & Kasapis, S. (2016). The role of structural relaxation in governing mobility of 
omega-6 fatty acid in high solid whey protein system. Presented at the AIFST Food 
Science Summer School 2016, 27 to 29 January 2016, Charles Sturt University, Wagga 
Wagga, New South Wales.  
Paramita, V. D. & Kasapis, S. (2016). Diffusion mechanism of linoleic acid in condensed whey 
protein matrices. Presented at Food, Nutrition & Analytical Chemistry Group of the 
Royal Australian Chemical Institute (RACI) Student Symposium 2016, 1st September 
2016, RMIT University, Melbourne, Australia.  
List of poster presentations 
Paramita, V. D., Bannikova, A., & Kasapis, S. (2014). Preservation of oleic acid entrapped in a 
condensed matrix of high-methoxy pectin with glucose syrup. Presented at the School of 
Applied Sciences Annual Research Day, 13 June 2014, RMIT University, Melbourne, 
Australia.  
Paramita, V. D., Bannikova, A., & Kasapis, S. (2014). Preservation of oleic acid entrapped in a 
condensed matrix of high-methoxy pectin with glucose syrup. Presented at 47th Annual 
AIFST Convention, 22 to 24 June 2014, Melbourne Convention Centre, Melbourne, 
Australia.  
Paramita, V. D., Bannikova, A., & Kasapis, S. (2014). Preservation of oleic acid entrapped in a 
condensed matrix of high-methoxy pectin with glucose syrup. Presented at the Higher 
Degree by Research Student Conference 2014, College of Science Engineering and 
Health, 17 October 2014, RMIT University, Melbourne, Australia.  
viii 
 
Paramita, V. D., Bannikova, A., & Kasapis, S. (2015). Release mechanism of omega-3 fatty acid 
in κ-carrageenan/polydextrose system undergoing glass transition. Presented at the 
AIFST Food Science Summer School 2015, 28 to 30 January 2015, RMIT University, 
Melbourne, Australia. 
Paramita, V. D., Bannikova, A., & Kasapis, S. (2015). Release mechanism of omega-3 fatty acid 
in κ-carrageenan/polydextrose system undergoing glass transition. Presented at the 
School of Applied Sciences Annual Research Day, 12 June 2015 in RMIT University, 
Melbourne, Australia. 
 Paramita, V. D., Bannikova, A., & Kasapis, S. (2016). Effect of biopolymers structural 
relaxation on governing dynamic diffusion of fatty acid in polysaccharide/co-solute 
system. Presented at the 16th Food Colloids Conference, 10 to 13 April 2016, 
Wageningen University, Wageningen, the Netherlands.  
 
 
 
 
 
 
 
 
 
 
 
 
ix 
 
Contents  
 
 
 
 Page 
Declaration iii 
Acknowledgements iv 
Publications and Presentations vi 
Table of contents ix 
List of figures xiv 
List of tables xxiii 
List of abbreviations xxv 
List of units and symbols xxviii 
Summary 1 
  
Chapter 1  
Introduction 
 
4 
1.1 Background 5 
1.2 Food as an amorphous system 6 
1.3 Glass Transition 8 
1.4 Molecular mobility in the vicinity of glass transition temperature 10 
1.5 Theories associated with glass transition phenomena 11 
 1.5.1 Free volume theory 11 
 1.5.2 Mode coupling theory (MCT) 14 
 1.5.3 Reaction rate theory 16 
1.6 Application of the free volume theory and reaction rate theory to predict glass 
transition 
17 
1.7 Factors affecting alteration of food glass transition temperature 18 
 1.7.1 Effect of composition of material 19 
 1.7.2 Effect of molecular weight 22 
 1.7.3 Effect of water and other plasticisers 24 
1.8 Diffusion in food system 25 
 1.8.1 Fickian diffusion theories 25 
 1.8.2 Fickian non-steady state diffusion for various polymer geometries 27 
1.9 Synthetic polymer approach governing diffusion of molecules in biopolymer 29 
x 
 
1.10 Diffusion concept in control stability food nutrients 34 
1.11 Summary of current knowledge and expected outcome of the research 38 
1.12 Research hypothesis 40 
1.13 Significance and rationale of this research 40 
1.14 Primary research questions 40 
1.15 Research objectives 41 
1.16 Overview of the thesis 41 
 References 43 
    
Chapter 2  
Materials and Methods 
 
53 
2.1 Basic Materials 54 
 2.1.1 Biopolymers and co-solute 54 
  2.1.1.1 Pectin 54 
  2.1.1.2 Carrageenan 56 
  2.1.1.3 Whey protein 59 
  2.1.1.4 Polydextrose 61 
  2.1.1.5 Glucose syrup 62 
 2.1.2 Fatty acids 64 
 2.1.3 Reagents and Chemicals 66 
 2.1.4 Sample Preparation 68 
2.2 Instrumental Methods of Analysis 69 
 2.2.1 Dynamic oscillation measurement 69 
 2.2.2 Modulated differential scanning calorimetry (MDSC) 75 
 2.2.3 Spectroscopy 77 
  2.2.3.1  UV/Vis Spectroscopy 79 
  2.2.3.2  Fourier Transform Infrared (FTIR) spectroscopy  81 
  2.2.3.3  Fluorescence spectroscopy 83 
  2.2.3.4  Atomic absorption spectroscopy (AAS) 85 
  2.2.3.5  Wide angle X-ray diffraction (WAXD) 87 
  2.2.3.6 Attenuated total reflection Fourier Transform Infrared 
         (ATR-FTIR) spectroscopic imaging 
88 
 2.2.4 Scanning electron microscope (SEM) 90 
 2.2.5 Confocal scanning laser microscopy (CLSM) 91 
  References 
 
95 
   
 
 
 
xi 
 
Experimental chapters 104 
 
 
Chapter 3 
Preservation of oleic acid entrapped in a condensed matrix of high-methoxy 
pectin with glucose syrup 
 
104 
 Abstract 105 
3.1 Introduction 105 
3.2 Materials and methods 106 
 3.2.1   Materials 106 
 3.2.2   Sample preparation  106 
 3.2.3   Experimental analysis 106 
  3.2.3.1  Modulated differential scanning calorimetry 106 
  3.2.3.2  Rheology measurements 106 
  3.2.3.3  Fourier transform infrared spectroscopy 106 
  3.2.3.4  Wide angle x-ray diffraction 106 
  3.2.3.5  Environmental scanning electron microscopy 106 
  3.2.3.6  Dynamic diffusion studies using Uv-vis   
             Spectroscopy 
107 
3.3   Results and discussion 107 
 3.3.1   Thermomechanical characterisation of high solid matrices with fatty 
acids 
107 
 3.3.2   Determination of the mechanical glass transition   temperature 108 
 3.3.3 Further physiochemical characterisation of HMP/glucose          
syrup/oleic acid systems 
109 
 3.3.4. Diffusion of oleic acid in the condensed matrix of this investigation 110 
3.4 Conclusions 112 
 References 113 
   
Chapter 4 
Release mechanism of omega-3 fatty acid in κ-carrageenan/ 
polydextrose undergoing glass transition 
 
114 
 Abstract 115 
4.1 Introduction 115 
4.2 Materials and methods 116 
 4.2.1   Materials 116 
 4.2.2 κ-Carrageenan purification   116 
 4.2.3   Sample preparation 116 
 4.2.4  Oscillatory measurements 116 
xii 
 
 4.2.5 Calorimetric analysis 116 
 4.2.6 Fourier Transform Infrared Spectroscopy 116 
 4.2.7 Wide Angle X-ray Diffraction 117 
 4.2.8 Environmental Scanning Electron Microscopy 117 
 4.2.9 Diffusion of α-linolenic acid in the carbohydrate mixture 117 
4.3 Results and discussion 117 
 4.3.1 Thermomechanical analysis of the carbohydrate/lipid system 117 
 4.3.2 Microstructural aspects of the κ-carrageenan/polydextrose/ 
α-linolenic acid system 
119 
 4.3.3 Release kinetics of α-linolenic acid in the 
 κ-carrageenan/polydextrose system 
121 
4.4 Conclusions 123 
 References 
 
123 
Chapter 5 
The role of structural relaxation in governing the mobility of linoleic acid in 
condensed whey protein matrices 
 
124 
 Abstract 125 
5.1 Introduction 125 
5.2 Materials and methods 126 
 5.2.1 Materials 126 
  5.2.1.1 Whey protein isolate 126 
  5.2.1.2 Linoleic acid (cis-9, cis-12-octadecadienoic acid) 126 
  5.2.1.3 Reagents 126 
 5.2.2 Methods 126 
 5.2.3 Experimental analysis  126 
  5.2.3.1  Rheological measurements 126 
  5.2.3.2  Fourier transform infrared spectroscopy (FTIR) 126 
  5.2.3.3  Wide angle X-ray diffraction (WAXD) 126 
  5.2.3.4  Scanning electron microscopy (SEM) 127 
  5.2.3.5  FTIR microspectroscopy imaging 127 
  5.2.3.6  Surface hydrophobicity analysis using ANS fluorescence  
             spectroscopy 
127 
  5.2.3.7  Release mechanism of fatty acid from a condensed protein  
             matrix 
127 
  5.2.3.8  Statistical analysis 127 
5.3 Results and discussion 127 
 5.3.1 Structural relaxation in the whey protein-linoleic acid composite 127 
 5.3.2 Physicochemical morphology of the whey protein-linoleic acid blend 129 
 5.3.3 Transport phenomena of linoleic acid in condensed whey protein 130 
xiii 
 
5.4 Conclusions 134 
 References 134 
    
Chapter 6 
Effect of co-solute concentration on the diffusion of linoleic acid from whey 
protein matrices 
 
135 
 Abstract 136 
6.1 Introduction 137 
6.2 Materials and Methods 138 
 6.2.1 Materials 138 
 6.2.2 Sample preparation  139 
 6.2.3 Experimental analysis  139 
  6.2.3.1  Rheological measurements 139 
  6.2.3.2  Fourier transform infrared spectroscopy  140 
  6.2.3.3  Wide angle X-ray diffraction (WAXD) 140 
  6.2.3.4  Confocal laser scanning microscopy 140 
  6.2.3.5  Diffusion study 141 
  6.2.3.6  Statistical analysis 142 
6.3 Results and Discussion 142 
 6.3.1 Viscoelastic properties of high-solid whey protein/glucose 
syrup/linoleic acid mixtures 
142 
 6.3.2 Micromolecular and microscopy evidence in support of the phase 
morphology in whey protein/glucose syrup/linoleic acid systems 
147 
 6.3.3 Prediction of diffusion parameters in relation to incorporation of 
glucose syrup in the whey protein/linoleic acid system 
152 
6.4 Conclusions 157 
 References 158 
    
Chapter 7 
Conclusions and future work 
 
162 
7.1 Introductory aspects that led to this research 163 
7.2 Conclusions from the work of this PhD thesis 164 
7.3 Future research 171 
 References 173 
 
 
 
xiv 
 
List of Figures 
Chapter 1 
Introduction 
Page 
Figure 1.1. Two possible paths of liquid to solid transformation of a material. 
Sufficiently rapid quenching of liquid leads to the formation of glassy 
structure (—) and very slow cooling promotes the ordered crystal 
structure of molecules (—). 
6 
Figure 1.2.  Arrangements of atoms in crystalline, polycrystalline and an amorphous 
structure. 
7 
Figure 1.3. Food stability above and below glass transition temperature presented as 
a function of changes in water activity (aW) and relative rate at constant 
temperature (R). 
9 
Figure 1.4. Cooling profile suggesting the viscoelastic transformation of storage 
(G′) and loss modulus (G″) of 85.8% gelatin at constant frequency (1 
rad/s) and scan rate of 1 °C/min.  
10 
Figure 1.5. Schematic representation of total specific volume, occupied volume and 
free volume of supercooled liquid. 
12 
Figure 1.6. Typical molecular assembly through polymerisation of monomers. (A) 
macrophase separation of themodynamical incompatibility; (B) mixed 
homopolymer architecture of a surfactant-like stabilisation of 
intermediate-level phase separation and (C) Microphase segregation 
stabilised by covalent bonds between polymers.  
20 
Figure 1.7. Molecule to network formation of different protein sources. 22 
Figure 1.8. State diagram suggesting effect of thermal or water plasticising in 
decreasing relaxation time in the vicinity of glass transition temperature.  
24 
Figure 1.9. Activation event of atom “jumping” process, i.e. movement in the 
polymer (GM refers to Gibbs energy barrier of atom migration). 
30 
Figure 1.10. Screening effect of solute affected by pH, temperature and polymer 
relaxation process (Rd = radius of solute or drug and ξ is mesh size of 
polymer). 
 
 
33 
xv 
 
Chapter 2  
Materials and Methods 
 
Figure 2.1. High methoxy pectin gel formation. 56 
Figure 2.2.  Reversible gelation mechanism of κ-carrageenan. 58 
Figure 2.3. Structure of polydextrose. 62 
Figure 2.4.  (a) Strain or stress sweep mode and (b) linear viscoelastic region 
(LVR). 
70 
Figure 2.5. (a) Time sweep amplitude and (b) moduli of milk gels as a function of 
time. 
71 
Figure 2.6. Frequency oscillation profile of four types of gels (a) dilute solution, 
(b) entangled solution, (c) strong gel and (d) weak gel, in addition to 
the (e) sinusoidal amplitude of frequency test. 
72 
Figure 2.7.  (a) Temperature ramp and sweep mode in oscillatory test and (b) 
cooling history of  κ-carrageenan with various level of glucose syrup at 
0.01 M KCl. 
74 
Figure 2.8. Motorised components and Environmental Test Chamber (ETC) of the 
ARG-2. 
74 
Figure 2.9. Thermal transition of DSC curve. 76 
Figure 2.10. (a) MDSC Q2000 and (b) the cross-section of its cell. 77 
Figure 2.11. Electromagnetic spectrum. 79 
Figure 2.12. (a) Lambda 35 UV/Vis spectrophotometer from Perkin Elmer and (b) 
schematic diagram of UV/Vis spectrophotometer. 
80 
Figure 2.13. (a) FTIR Spectrum 100 from Perkin Elmer and (b) its schematic 
diagram showing detection of the chemical composition of samples. 
82 
Figure 2.14. (a) Fluoromax-4 from Jobin Yvon Technology and (b) Jablonski 
energy diagram and (c) schematic diagram showing the detection of 
chemical composition of samples. 
83 
Figure 2.15.  (a) Atomic Absorption Spectroscope from Varian and (b) its 
schematic diagram showing detection chemical composition of 
samples in double-beam instrument. 
86 
Figure 2.16. (a) Wide angle x-ray diffractometer from Bruker D4 Endeavour and 
(b) schematic diagram of sample analysis. 
88 
Figure 2.17. (a) FTIR Spectrum 400 from Perkin Elmer and (b) schematic diagrams 90 
xvi 
 
showing the ATR objective at the visible mode (left) and measuring 
mode (right). 
Figure 2.18. (a) FEI Quanta 200 ESEM from FEI Corporate and (b) schematic 
diagram of image detection. 
91 
Figure 2.19. (a) CLSM Nikon Eclipse Ti from Nikon Instruments and (b) schematic 
diagram of confocal microscope. 
 
92 
Chapter 3 
Preservation of oleic acid entrapped in a condensed matrix of high-methoxy pectin 
with glucose syrup 
 
Figure 3.1. Cooling and heating profile for 85% glucose syrup, 3% high-methoxy 
pectin with 82% glucose syrup, and 3% high-methoxypectin with 81% 
glucose syrup and 1% oleic acid using MDSC at 1oC/min. 
107 
Figure 3.2. Cooling profile of storage (G', ■) and loss (G'', □) modulus for the 3% 
high-methoxy pectin with 81% glucose syrup and 1% oleic acid 
scanned at the rate of 1oC/min, frequency of 1 rad/s and strain 0.01%. 
108 
Figure 3.3. Frequency variation of (a) storage and (b) loss modulus for 3% high-
methoxy pectin and 81% glucose syrup with 1% oleic acid. The bottom 
curve was taken at 8oC (■), other curves successively upwards: 4 (◊), 0 
(▲), -4 (+), -8 (○), -12 (♦), -16 (×), -20 (∆), -24 (●), and -28oC (□). 
108 
Figure 3.4. Master curve of reduced shear moduli (G'p, ■  and G''p, □) for the 3% 
high-methoxy pectin and 81% glucose syrup with 1% oleic acid as a 
function of reduced frequency of oscillation (ωaT) based on the 
frequency sweeps of Figure 3 at the reference temperature of    -15oC. 
109 
Figure 3.5. The WLF and modified Arrhenius fits of the shift factor aT within the 
glass transition region (open symbols) and glassy state (closed 
symbols) for the 3% high-methoxy pectin and 81% glucose syrup with 
1% oleic acid (dash lines pinpoints the Tg prediction).   
109 
Figure 3.6. (a) X-Ray diffractograms and (b) FTIR spectra for 3% high-methoxy 
pectin, 3% high-methoxy pectin with 82% glucose syrup, 3% high-
methoxy pectin with 81% glucose syrup and 1% oleic acid, 85% 
glucose syrup alone, and oleic acid (FTIR only) arranged successively 
upwards.  
 
 
109 
xvii 
 
Figure 3.7. ESEM micrographs for (a) 3% high-methoxy pectin, (b) 81% glucose 
syrup, (c) 3% high-methoxy pectin with 82% glucose syrup, and (d) 
3% high-methoxy pectin with 81% glucose syrup and 1% oleic acid. 
110 
Figure 3.8. Absorbance of 1% oleic acid diffused to absolute ethanol from 3% 
high-methoxy pectin with 81% glucose syrup: (a) as a function of time 
of observation (360 min) at -30 (∆),  -25 (□), -20 (◊), -15 (+), -10 (x), -
5 (○), 0 (-), 5 (●), 10 (■), 15 (▲) and 20 (♦); (b) as a function of 
temperature of observation (60 min) at 2 (∆), 5 (□), 10 (◊), 20 (+), -30 
(x), 40 (●), 50 (■) and 60°C (♦) obtained at 525 nm. 
111 
Figure 3.9. Logarithmic shift factor aT as a function of temperature within the 
glassy state (closed symbols) and glass transition region (open 
symbols) for 3% high-methoxy pectin with 81% glucose syrup and 1% 
oleic acid (left y-axis), and for the oleic acid diffusion from the 
carbohydrate matrix at the reference temperature of -15oC (right y-
axis). 
111 
Figure 3.10 (a) Absorbance ln (Mt/M∞) with experimental time of observation (ln t) 
to obtain the diffusion exponent, n, and gel characteristic constant, k, 
for 3% high-methoxy pectin with 81% glucose syrup carbohydrate 
mixture of this investigation at −30 (Δ), −25 (□), −20 (◊), −15 (+), −10 
(×), −5 (○), 0 (-), 5 (●), 10 (■), 15 (▲) and 20 °C (♦) within 60 min; 
(b) relative diffusion coefficient (Deff) of 1% oleic acid transported 
from the condensed carbohydrate system to absolute ethanol within 60 
min (●, left y-axis) and fractional free volume (fo) of the high solid 
matrix within the glassy state and glass transition region (○, right y-
axis). 
 
112 
Chapter 4 
Release mechanism of omega-3 fatty acid in κ-carrageenan/ 
polydextrose undergoing glass transition 
 
Figure 4.1.   (a) Modulated DSC thermograms of heating and cooling for 85% 
polydextrose, 2% κ-carrageenan with 83% polydextrose, and 2% κ-
carrageenan with 82% polydextrose and 1% α-linolenic acid, arranged 
successively upwards scanned at 1oC/min; (b) Cooling profile of 
storage (G', ●) and loss (G", ○) modulus (traces on the left y-axis), and 
tan δ (-) (trace on the right y-axis) for 2% κ-carrageenan with 82% 
polydextrose and 1% α-linolenic acid (50 mM added KCl) at the rate of 
1oC/min, frequency of 1 rad/s and strain 0.01%. 
 
117 
xviii 
 
Figure 4.2. Mechanical spectra of 2% κ-carrageenan with 82% polydextrose and 
1% α-linolenic acid (50 mM added KCl) as a function of oscillatory 
frequency for (a) G' and (b) G", the bottom curve was taken at 17 (◊), 
with the rest being arranged successively upwards: 13 (-), 9 (■), 5 (+), 
1 (○), -3 (●), -7 (x), -11 (∆), -15 (♦), and -19 (□) oC. 
118 
Figure 4.3.    (a) Master curve of reduced shear modulus (G'p, ●  and G"p, ○) for 2% 
κ-carrageenan with 82% polydextrose and 1% α-linolenic acid as a 
function of reduced frequency of oscillation (ωaT) based on frequency 
sweeps from Figure 2; (b) WLF and modified Arrhenius fits of the 
shift factors (aT) within the glass transition region (open symbols) and 
glassy state (closed symbols) for the same sample. 
119 
Figure 4.4. (a) X-Ray diffractograms and (b) FTIR spectra for potassium chloride 
powder, purified κ-carrageenan powder (both for X-ray diffractograms 
only), 2% κ-carrageenan, 2% κ-carrageenan with 83% polydextrose, 
2% κ-carrageenan with 82% polydextrose and 1% α-linolenic acid, 
85% polydextrose, and α-linolenic acid (for FTIR spectra only), 
arranged successively upwards. 
119 
Figure 4.5. SEM micrographs for freeze-dried samples of (a) κ-carrageenan 
powder, (b) 2% κ-carrageenan, (c) polydextrose powder, (d) 85% 
polydextrose, (e) 2% κ-carrageenan with 83% polydextrose and (f) 2% 
κ-carrageenan with 82% polydextrose and 1% α-linolenic acid. 
120 
Figure 4.6. (a) Absorbance of 1% α-linolenic acid diffused to dichloromethane 
from 2% κ-carrageenan with 82% polydextrose (50 mM added KCl) as 
a function of time of observation at -19 (●), -15 (□), -11 (▲), -7 (◊), -3 
(■), 1 (x), 5 (+), 9 (∆),  13 (♦) and 20 (○) °C obtained at 525 nm; (b) 
Absorbance of 1% α-linolenic acid diffused to dichloromethane from 
the same carbohydrate sample as a function of temperature at 5 (●), 10 
(□), 20 (▲), 30 (◊), 40 (■), 50 (x), 60 (+), 90 (∆), 120 (♦), 150 (*), 180 
(-) and 210 (○) min obtained at the same wavelength.  
121 
Figure 4.7. Logarithmic shift factor as a function of temperature for 1% α-linolenic 
acid diffused to dichloromethane from the 2% κ-carrageenan with 82% 
polydextrose matrix at the reference temperature of -7oC (trace on the 
right y-axis), with the structural relaxation of the carbohydrate matrix 
also shown within the glassy state and glass transition region (trace on 
the left y-axis). 
 
 
121 
xix 
 
 
Figure 4.8. (a) Variation of absorbance with different times of observation at -19 
(♦), -15 (□),   -11 (∆), -7 (x), -3 (*), 1 (○), 5 (+), 9 (-), 13 (●) and 22 (■) 
°C; (b) Fractional free volume of 2% κ-carrageenan with 82% 
polydextrose and 1% α-linolenic acid (○, trace on the right y-axis) and 
relative diffusion coefficient of the fatty acid from the same 
carbohydrate matrix within 60 min of observation (●, trace on the left 
y-axis). 
 
122 
Chapter 5 
The role of structural relaxation in governing the mobility of linoleic acid in 
condensed whey protein matrices 
 
Figure 5.1. Frequency variation of (a) storage and (b) loss modulus for 79% whey 
protein with 1% linoleic acid taken at 6 (x), 2 (▲), -2 (□), -6 (♦), -10 
(_), -14 (◊), -18 (+), -22 (●), -26 (*),  -30 (○), -34 (∆), and -38oC (■) 
arranged successively upwards, (c) master curve of reduced shear 
modulus (G'p, ●; G''p, ○) for this sample as a function of reduced 
frequency of oscillation (ωaT) derived from these mechanical spectra at 
the reference temperature of -14oC. 
128 
Figure 5.2. Spectroscopic shift factor of linoleic acid diffusion from whey protein 
as a function of temperature ( on the right y-axis) and mechanical 
shift factor for the polymeric matrix (,  on the left y-axis) at the 
reference temperature of -14oC. 
129 
Figure 5.3. X-ray diffractograms for native whey protein powder, 80% whey 
protein, and 79% whey protein with 1% linoleic acid arranged 
successively upwards. 
129 
Figure 5.4.  (a) FTIR spectra for whey protein powder, 80% whey protein, 79% 
whey protein with 1% linoleic acid, and linoleic acid arranged 
successively upwards, (b) overlapping spectra of Amide I and Amide 
II bands of 80% whey protein (solid line) and 79% whey protein with 
1% linoleic acid (dashed line), (c) surface hydrophobicity presented as 
relative fluorescence intensity (RFI) of 80% whey protein (black bar) 
and 79% whey protein with 1% linoleic acid (gray bar). 
 
 
 
130 
xx 
 
 
Figure 5.5. SEM micrographs for (a) native whey protein powder, (b) 80% whey 
protein, (c) 79% whey protein with 1% linoleic acid, and FTIR 
microscopy imaging for (d) 80% whey protein to identify the protein 
distribution within 1700-1500 cm-1, (e) 79% whey protein with 1% 
linoleic acid for protein distribution within 1700-1500 cm-1 and (f) 
79% whey protein with 1% linoleic acid for linoleic acid distribution 
within 1470-1350 cm-1. 
131 
Figure 5.6. Absorbance and percentage release of 1% linoleic acid diffused 
through 79% whey protein (a) as a function of time of observation at -
30 (♦), -26 (+), -22 (∆), -18 (x), -14 (*), -10 (○), -6 (■), -2 (_), 2 (▲), 6 
(-), 10 (□), and  (b) as a function of temperature of observation at 60 
(♦), 120 (+), 180 (∆), 240 (x), 300 (*), 360 (○), 420 (■), 480 (_), 540 
(▲), 600 (□) min obtained at 525 nm (arrow indicates the mechanical 
Tg). 
132 
Figure 5.7. Absorbance in ln(Mt/M∞) as a function of time of observation (ln t) at -
30 (♦), -25 (□), -22 (▲), -18 (x), -14 (*), -10 (●), -6 (+), -2 (◊), 2 (■), 6 
(-), 10 (∆)°C for 79% whey protein with 1% linoleic acid. 
132 
Figure 5.8. Diffusion coefficient (Deff) of 1% linoleic acid through 79% whey 
protein within 10 hours (●, left y-axis) and fractional free volume (f0) 
of the condensed matrix within the glass transition region and glassy 
state (○, right y-axis). 
133 
Figure 5.9. Graphic of diffusion coefficient against an inverse function of 
fractional free volume at T ≥ Tg for oleic acid (♦), linolenic acid (■), 
and linoleic acid (▲). 
 
133 
Chapter 6 
Effect of co-solute concentration on the diffusion of linoleic acid from whey protein 
matrices 
 
Figure 6.1. Cooling profiles of storage modulus (G’, closed symbols) and loss 
modulus (G”, open symbols) of 79% whey protein/glucose syrup 
systems at the ratio (w/w) of 100:0 (, ), 40:60 (, ) and 0:100 
(, ), respectively, plus 1% linoleic acid scanned at 1oC/min, strain 
0.01% and frequency 1 rad/s. 
 
 
144 
xxi 
 
 
Figure 6.2. Frequency variation of (a) G’ and (b) G” of 79% whey protein/glucose 
syrup systems at the ratio (w/w) of 40:60 plus 1% linoleic acid taken at 
-10 (), -14 (), -18 (),    -22 (), -26 (-), -30 (X), -34 (), -38 
(), -42 (), -46 (), -50 () and -54°C (), and strain 0.01%.  
145 
Figure 6.3. (a) Master curve of reduced shear modulus (G', closed symbols and G", 
open symbols) as a function of reduced frequency of oscillation for 
100:0 (, plotted on the right y-axis), 40:60 (, ) and 0:100 (, 
) (both plotted on the left y-axis) for whey protein/glucose 
syrup/linoleic acid systems and (b) WLF fits (open symbols) and 
Arrhenius fits (closed symbols) of shift factors as a function of 
temperature for these systems, with the dashed lines pinpointing the Tg 
estimates. 
148 
Figure 6.4. FTIR spectra of 80% total solids for whey protein/glucose 
syrup/linoleic acid compositions of 100:0, 80:20, 70:30, 60:40, 40:60, 
0:100 including 1% linoleic acid and a single linoleic acid sample 
arranged successively upwards. 
149 
Figure 6.5. X-ray diffractograms of 80% total solids for whey protein/glucose 
syrup/linoleic acid compositions of 100:0, 80:20, 70:30, 60:40, 40:60, 
0:100 including 1% linoleic acid arranged successively upwards. 
151 
Figure 6.6. CLSM images of 1% fatty acid entrapped in 79% total solids of whey 
protein/glucose syrup at (a) 100:0, (b) 80:20, (c) 70:30, (d) 60:40, (e) 
40:60, (f) 0:100.  
152 
Figure 6.7. Absorbance and percentage release of linoleic acid to ethyl acetate as a 
function of (a) time for mixtures comprising whey protein/glucose 
syrup at 6°C as indicated and (b) temperature for the same mixtures 
after 9 hours diffusion.  
154 
Figure 6.8. (a) Spectroscopic shift factors of fatty acid diffusion in comparison to 
the mechanical shift factors of the whey protein/glucose syrup matrix 
at 40:60 (w/w) as a function of temperature and (b) Diffusion 
coefficients of linoleic acid in whey protein/glucose syrup matrices at 
100:0 (), 80:20 (), 70:30 (), 60:40 (X), 40:60 () and 0:100 () 
as a function of T-Tg. 
 
 
 
156 
xxii 
 
 
Chapter 7 
Conclusions and future work 
 
Figure 7.1. Diffusion coefficients (Deff) of 1% linoleic acid through 79% whey 
protein/glucose syrup matrices at 100:0 (circle), 40:60 (diamond) and 
0:100 (triangle) presented as closed symbols (left y-axis) and fractional 
free volume of the condensed matrix within the glass transition region 
presented as opened symbols (right y-axis). 
168 
Figure 7.2. Diffusion coefficients  (Deff) versus inverse function of fractional free 
volume of  linoleic acid release from whey protein/glucose syrup 
matrices at 100:0 (X), 80:20 (), 70:30 (), 60:40 (), 40:60 () and 
0:100 (). 
169 
Figure 7.3. Coupling parameters (ξ) of linoleic acid release from whey 
protein/glucose syrup matrices as a function of co-solute concentration 
(%) 
170 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xxiii 
 
List of Tables 
Chapter 1 
Introduction 
 
Page 
Table 1.1. Constants (C1o and C2o), fractional free volume (fg) and predicted 
mechanical glass transition temperature (Tg) of WLF parameters of 
biomaterials. 
15 
Table 1.2. Molecular forces stabilising protein interactions. 22 
Table 1.3. Diffusional exponent describing release mechanism of penetrant 
materials from various polymer matrix geometries. 
27 
Table 1.4.   Factors affecting diffusion rate of penetrants in biopolymers and 
food systems. 
31 
Table 1.5. The diffusion coefficient of various penetrants in biomaterials and 
food systems. 
35 
  
 
Chapter 2  
Materials and Methods 
 
 
Table 2.1. Biopolymer and co-solute specifications. 55 
Table 2.2. Physicochemical characteristics of pectin. 57 
Table 2.3. Classification of carrageenans and their ratio of ester sulphate and 
3-6-anhydro-galactose contents. 
58 
Table 2.4.   Physicochemical characteristics of carrageenan.  59 
Table 2.5. Typical whey protein fractions and some of their physiochemical 
properties. 
61 
Table 2.6. Physicochemical characteristics of polydextrose. 62 
Table 2.7.   Sugar spectra of various processing and DE of glucose syrup. 63 
Table 2.8. Physicochemical characteristics of glucose syrup. 63 
Table 2.9. The structure of major omega fatty acids. 65 
Table 2.10. Fatty acid specifications. 65 
Table 2.11. Chemicals  and miscellaneous materials specifications. 66 
Table 2.12. ARG-2 system specification. 75 
Table 2.13. Various type of spectroscopy and their classification based on their 
wavelength regions.  
78 
Table 2.14. Working variables of AAS. 86 
Table 2.15. Comparison of three microscopic analytical methods. 89 
Table 2.16. Analytical instruments and equipment. 
 
 
93 
xxiv 
 
Chapter 3 
Preservation of oleic acid entrapped in a condensed matrix of high-methoxy 
pectin with glucose syrup 
 
 
Table 3.1.   Variation of the kinetic diffusion exponent (n) and gel characteristic 
constant (k) for oleic acid in high methoxy pectin and glucose syrup. 
112 
 
Chapter 4 
Release mechanism of omega-3 fatty acid in κ-carrageenan/ 
polydextrose undergoing glass transition 
 
 
Table 4.1. Composition of major cations and sulphate in unpurified and 
purified κ-carrageenan in the potassium form. 
 
116 
Table 4.2. Variation of the kinetic diffusion exponent (n) and gel characteristic 
constant (k) for linolenic acid in κ-carrageenan and polydextrose. 
 
122 
Chapter 5 
The role of structural relaxation in governing the mobility of linoleic acid in 
condensed whey protein matrices 
 
 
Table 5.1. Diffusion exponent (n) and system characteristic constant (k) 
calculated using power law equation for linoleic acid entrapped in 
condensed whey protein. 
 
133 
Chapter 6 
Effect of co-solute concentration on the diffusion of linoleic acid from whey 
protein matrices 
 
 
Table 6.1. Parameters characterizing the structural properties and diffusional 
mobility of whey protein/glucose syrup/linoleic acid mixtures at 
80% total level of solids. 
 
143 
Chapter 7 
Conclusions and future work 
 
 
Table 7.1. Parameters characterising structural properties of polymer matrices 
and diffusional mobility of fatty acids  
165 
 
xxv 
 
List of abbreviations  
AAS Atomic Absorption Spectroscopy 
AMMRF Australian Microscopic and Microstructure Research Facility 
ANS 8-anilino-1-naphthalenesulfonate 
ANOVA analysis of variance 
ARG-2 Advanced Rheometer Generation 2 
ATR Attenuated Total Reflection  
AXS  Alpha X-Ray Spectrometer 
BSA Bovine Serum Albumin 
CAS Chemical Abstracts Service 
CLSM Confocal Scanning Laser Microscopy 
Cps counts per seconds page 79 
2D and 3D Two and three dimension 
DE degree of esterification (only in page 54)/ dextrose equivalent 
DHA docosahexaenoic acid 
DSC differential scanning calorimetry 
EPA eicosapentaenoic acid 
ESEM Environmental Scanning Electron Microscope 
et al. et alia meaning  “and others” 
ETC Environmental Test Chamber 
FDA Food and Drug Administration 
FEI Field Electron and Ion Co. 
FRAP Fluorescence Recovery after Photobleaching 
FT Fourier Transformation 
FTIR Fourier Transform Infrared 
GC Gas Chromatography 
 
 
 
 
 
 
 
xxvi 
 
GmbH Gesellschaft mit beschränkter Haftung meaning “company with limited 
liability” 
Gs Glucose syrup 
HMP High Methoxy Pectin 
IBM International Business Machines 
i.e. id est meaning “that is”  
IHC International Hydrocolloids Conference 
IR Infrared 
κ-car κ – carrageenan 
LVR Linear Viscoelastic Region 
LMP Low Methoxy Pectin 
MCT Mode Coupling Theory 
MDSC Modulated Differential Scanning Calorimetry 
NMR Nuclear Magnetic Resonance Spectroscopy 
Nr not reported 
Na not available 
PEG Polyethylene Glycol 
pH power of hydrogen 
PMT Photomultiplier tubes 
PSD position sensitive detector 
PUFA Polyunsaturated fatty acid 
RACI Royal Australian Chemical Institute 
RFI Relative Fluorescence Intensity 
RH Relative humidity 
SEM Scanning Electron Microscope 
SPSS Statistical Package for the Social Sciences 
SPV Sulfo-Phospho-Vanillin 
TA Texture analyser 
TTS Time-temperature superposition 
 
 
 
xxvii 
 
UV Ultraviolet 
Vis Visible 
WAXD Wide Angle X-Ray Diffraction 
WLF Williams-Landel-Ferry 
wpi whey protein isolate 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xxviii 
 
List of units and symbols 
 
aW Water activity 
A radius of spheres or cylinder   
Å Armstrong 
A Absorbance 
aT Shift factor 
A Molar absorptivity (page 80) 
B Path length through the flame (page 80) 
B Doolittle constant 
C Concentration of atoms in the flame (page 80) 
C1o, C2o  WLF Constant at To 
C1g,  C2g WLF Constant at Tg 
C'1g WLF Constant equal to ξ x C1g 
C'2g WLF Constant equal to  C2g 
C Concentration 
Cp Heat capacity 
cP Centipoise  
°C Degree Celsius 
D  or  Deff   Diffusion coefficients (Deff  in used in Chapters 3 to 7) 
Do Diffusion coefficients at reference temperature 
Ea Activation energy 
E Energy of photon 
F Fractional free volume 
fg Fractional free volume at Tg 
F or J Flux 
F Fluorescence intensity 
G Gram 
g/mol Gram per mol 
G′ Storage or elastic modulus 
xxix 
 
G" Loss or viscous modulus 
G* Complex modulus 
G'p Reduced storage modulus  
G"p Reduced loss modulus  
GM Gibbs energy barrier of atom migration 
H Planck’s constant  
H Heat flow 
I Irradiation  
J Joule  
K Kelvin 
kD Kilo Dalton 
kJ Kilojoule 
Kv Kilovolts 
K Reaction rate constant 
L Distance to travel of diffusing material 
mM Milimolar 
M Meter  
Mn Molecular weight 
M Mass 
Mt Mass of penetrant at time (t) 
M∞ Mass of penetrant at time approaching invinity 
N Release exponent 
Ν Newton 
Pa Pascal 
r
2
 Coefficient of determination 
Rd Radius of solute or drug 
R Ideal gas constant (8.31 J/mol K) 
rad/s Revolution per second 
S Second 
T Time 
T Absolute temperature 
xxx 
 
T Transmittance (page 73) 
Tc Critical temperature 
To Reference temperature 
Tg Glass transition temperature 
ν Specific free volume  
V Frequency of photon (page 76) 
νo Occupied volume per gram 
νf Free volume per gram 
W Watt  
X Space coordinate 
α Thermal expansion coefficient 
αf Thermal expansion of free volume relative to total volume 
αg Thermal expansion coefficient below  Tg 
αG Thermal expansion coefficient at glasy state 
αR Thermal expansion coefficient at rubbery state 
αn the Bessel function of the first kind of zero order 
δ Phase angle 
η Viscosity 
η* Complex viscosity 
µ Micro 
ξ Mesh size of polymer/ coupling parameter 
σ Dynamic stress 
Λ Wavelength 
2θ Two theta 
ωaT Reduced frequency of oscillation 
∆ω Diffusant weight increase 
∞ Infinity 
% Percentage 
1 
 
Summary 
Fundamental aspects of the controlled delivery of bioactive compounds have been 
focusing on methods of administration to achieve a certain rate of release. Incorporating the 
bioactive agents in high solid biopolymers is a viable means to sustain bioavailability and 
biofunctionality of the natural ingredients in processed foods and nutraceuticals. An issue 
arising from this approach is the complexity of entrapping materials and their association with 
the active ingredients. Biophysical approaches were thus elaborated in this thesis to understand 
the mechanism behind a sustainable release of bioactive compounds. Diffusion of unsaturated 
fatty acids was modelled to study the diffusion patterns of these oleophilic materials in high 
solid matrices in the vicinity of their glass transition temperature. The concepts of Fick’s second 
law of diffusion, the reaction rate and free volume theories were utilised to rationalise the 
transport mechanisms of these active ingredients.  
Such processes were examined by preparing glassy hydrocolloid slabs loaded with fatty 
acid and submerging them in a solvent to allow unidirectional diffusion of the lipid fraction to 
the liquid phase. The excipients were slabs of κ-carrageenan, high-methoxy pectin and whey 
protein isolate, whereas the entrapped bioactive constituents were in the form of unsaturated 
fatty acids, i.e. oleic, linoleic and α-linolenic acids. Once a range of condensed hydrocolloid-
fatty acid systems was prepared, the release kinetics of the bioactive compound as a function of 
experimental temperature was monitored. Characterisation techniques included small-
deformation dynamic oscillation analysis, modulated differential scanning calorimetry, confocal 
and scanning electron microscopy, Fourier transform infrared spectroscopy fitted with an 
imaging system, wide angle x-ray diffraction and UV-vis spectroscopy in order to measure fatty 
acid diffusion.  
In the first experimental chapter, oleic acid mobility was examined in a high-methoxy 
pectin/glucose syrup system. Structural relaxation was investigated under dynamic oscillation 
by monitoring the cooling and frequency sweep profiles of this composite system over a wide 
range of temperatures from -30 to 22°C. Results were modelled using the Williams, Landel and 
Ferry equation in conjunction with the modified Arrhenius equation to determine the effect of 
glass transition on the diffusion rate of oleic acid in a matrix composed of gelling 
polysaccharide and low molecular weight co-solute. Findings from this thesis show, for the first 
2 
 
time, that the concept of the Less Fickian diffusion was capable of explaining the transport 
behaviour of fatty acid in a biopolymer composite. The diffusion patterns were identified based 
on the diffusion exponent (n) obtained from the power law equation suggesting a low rate of 
fatty acid migration in the vicinity of the glass transition temperature (Tg).  
In the second experimental chapter, research was advanced to understand the influence 
of two carbohydrate materials, i.e. κ−carrageenan and polydextrose that acted as co-solute, in 
regulating the transport behaviour of α-linolenic acid. Diffusion of fatty acid was modelled 
based on the half time diffusion of Fick’s second law. The relationship of the diffusion 
coefficient determined in this equation and the fractional free volume determined from WLF 
equation of the polymeric matrix suggested constant increment of diffusion as a function of 
temperature and free volume within the system.  
The third experimental chapter studied the effect of the structural relaxation of single 
whey protein systems on the diffusion patterns of linoleic acid. Transport of linoleic acid, above 
and below the glass transition temperature, was quantified and modelled using Fick’s second 
law of diffusion. The results indicated a limiting molecular mobility below the glass transition 
temperature, which increased following an anomalous diffusion mechanism at the Tg. Data 
suggested an agreement between diffusion pattern and availability of voids within the polymeric 
matrix, which were fed into a mathematical expression proposed by Panyoyai and Kasapis 
yielding a linear relationship between the logarithm of the diffusion coefficient and the inverse 
value of fractional free volume. The equation produces a coupling parameter that correlates the 
macromolecule displacement relative to the entrapped fatty acid mobility within the composite 
system. Quantification of the concerted movement of fatty acid and protein assists in the 
manipulation of the release profile of small-molecules in condensed phases.   
The last experimental chapter dealt with the effect of various concentrations of low 
molecular weight co-solute (i.e. glucose syrup) in altering the diffusion patterns of linoleic acid 
in condensed whey protein matrices. Results suggested a continuous increase in the rate of fatty 
acid release from the matrix with increasing amounts of glucose syrup. Such event displayed the 
plasticising effect of co-solute on the polymeric structure of whey protein system. This work 
highlighted the decrease in the Tg value with increasing substitution of protein by glucose syrup 
and as such resulted in an increase in the fatty acid diffusional mobility. Anomalous diffusion, 
or non-Fickian diffusion behaviour, was observed for a matrix at the glass transition and 
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rubbery states. Values of the coupling parameter suggest an increasing freedom of 
transportation of the fatty aid within the supporting matrix with higher levels of glucose syrup in 
the system. Increasing mobility of polymeric molecules as well as fatty acid molecules was 
confirmed by a reduction in the value of the activation energy to overcome configurational 
rearrangements from one state to another. 
The final chapter of the thesis concludes by highlighting the contribution of this work 
that focuses on the metastable properties of biopolymer networks affecting significantly the 
diffusion kinetics of bioactive compounds. That was shown to be the case in high solid samples 
of protein and polysaccharide supporting a homogeneous distribution of polyunsaturated fatty 
acids. By considering a free volume theory of diffusion, it was found that at T > Tg the effective 
diffusion coefficient of microconstituent transport would increase in accordance with the free 
volume of the polymer matrix. Fitting experimental diffusivity data in glassy polymers to a free 
volume based theory generates a two-parameter equation that calculates the extent of molecular 
interaction between macromolecule and microconstituent as a function of the effective diffusion 
coefficient and the inverse of fractional free volume. Results can be manipulated by plasticising 
the polymeric matrix to profoundly affect the level of interaction and diffusion of fatty acids in 
condensed biomaterials.   
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1.1.   BACKGROUND 
Being a complex system, food undergoes many physical and chemical changes due to 
processing and storage. Many of these transformations are governed by diffusion of small and 
large molecules within food systems. Random movements of the molecules in food matrices 
often relate to the stability and quality perceptions of food products (Le Meste, Champion, 
Roudaut, Blond, Simatos, 2002).  Food stability is affected by thermodynamic and kinetic 
aspects of food constituents which are influenced by the structural elements of food (Champion, 
Le Meste, & Simatos, 2000).  
One of the major issues in the food industry is maintaining the bioavailability of active 
substances in the final products. A variety of controlled measures have been taken to ensure 
sustainability of the nutrients in food. The bioactive compounds such as essential fatty acids, 
vitamins, polyphenols, enzymes and antioxidants are known to be sensitive to environmental 
changes such as temperature, moisture content and pH. Therefore, they require an entrapping 
matrix to protect them from harsh conditions. Biopolymers from plants, animals or 
microorganisms are frequently utilised as protective matrices. Most of these biopolymers are 
amorphous materials which are sensitive to structural transformations from liquid-like properties 
to solid glass consistency upon cooling (Slade & Levine, 1991a).  The phenomenon associated 
with this step change in heat capacity, temperature derivative, and coefficient of expansion is 
referred to as glass transition temperature (Tg) (Abiad, Carvajal, & Campanella, 2009). 
The effect of Tg on maintaining structural properties of a biopolymer system can be 
observed, for instance, in an oil microcapsule composed of methyl linoleate, lactose, and gelatin. 
The rates of lipid oxidation and oil diffusion were affected by the collapse of matrix structure 
and crystallisation of lactose component when the system was subjected to temperatures above 
its Tg (Shimada, Roos & Karel, 1991). Therefore, it is important to understand the 
phenomenology of biomaterials vitrification to allow the prediction of diffusion of small 
bioactive molecules in these amorphous systems. The present review provides an overview of the 
structural relaxation of biopolymers in the vicinity of the glass transition temperature, and the 
subsequent release mechanism of the bioactive materials from these matrices. Some theories and 
mathematical models which are derived from the synthetic polymer science are also emphasised 
to rationalise the viscoelastic behaviour of food polymers and the diffusion of nutrients.  
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1.2.   FOOD AS AN AMORPHOUS SYSTEM 
The amorphous structure is commonly found in the high-solid food and pharmaceutical 
materials. An amorphous solid is formed after rapid cooling of a liquid to below its Tg without 
allowing crystallisation to occur (Figure 1.1) (Angell, 1995). The amorphous ‘glass’ is 
recognised by its features of having a random molecular arrangement of liquid while at the same 
time keeping the rigidity of a solid (Torquato, 2000). Solid food polymers can be classified into 
crystalline, polycrystalline and amorphous structures according to their atomic arrangements 
(Figure 1.2) (Wager, & Hoffman, 2011). A crystal has atoms arranged in a completely ordered 
structure while a polycrystalline material has regions of crystalline structure at random locations 
(Wager, & Hoffman, 2011). The formation of partial or completely amorphous structures of food 
is influenced by the processing stage undergone by food materials (Liu, Bhandari & Zhou, 
2006). In most cases, the crystalline structure contains some amount of amorphous material 
which transforms into completely amorphous when it melts (Sperling, 2006).   
 
 
 
 
 
 
 
 
 
Figure 1.1.  Two possible paths of liquid to solid transformation of a material. Sufficiently rapid 
quenching of liquid leads to the formation of glassy structure (—) and very slow cooling 
promotes the order crystal structure of molecules (—) (Torquato, 2000). 
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Figure 1.2. Arrangements of atoms in crystalline, polycrystalline and an amorphous structure 
(Wager, & Hoffman, 2011). 
The kinetic and thermodynamic instability of the amorphous structure of foods creates 
unfavourable conditions in the products. Glass formation in food systems is basically a kinetic 
process where the molecules which undergo rapid cooling, do not have enough energy to surpass 
the energy barrier required to form a lattice, thus, the molecules rearrange themselves in a 
random structure (Liu et al., 2006; Jadhav, Gaikwad, Nair & Kadam, 2009). The inherent 
distance from one molecule to the next is completely unpredictable in this amorphous 
configuration (Wager, & Hoffman, 2011). 
Some studies have indicated the importance of the amorphous structure of carbohydrates, 
for example, in improving protein and lipid stability (Chaudhary, Small & Kasapis, 2013; 
Shimada, Roos & Karel, 1991; Sun & Davidson, 1998). These findings suggested that the 
amorphous matrix of carbohydrates was capable of retarding enzymatic activity and lipid 
oxidation of bioactive materials below the glass transition temperature (Tg). At this glassy state, 
movements of carbohydrate molecules are limited; hence, the matrix maintains its structure and 
creates sufficient barriers to the entrapped compounds (Shimada, Roos & Karel, 1991; Sun, 
Davidson & Chan, 1998). However, when the system is heated above their Tg, the matrix 
transforms to the crystalline configuration and countermands their functional properties leading 
to a collapse of the matrix structure, decrease in solubility and binding capacity (Kothari, 
Ragoonanan, & Suryanarayanan, 2014; Levi & Karel, 1995). 
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1.3.   GLASS TRANSITION  
The metastable state of amorphous materials is a great technological importance in 
shaping the physiochemical properties of food. The glass transition (Tg) is a reversible state 
transformation of an amorphous melt to a glassy structure (Le Meste et al., 2002) where food 
products are considered stable against physical, chemical, biological and enzymatic kinetics 
changes below this temperature (Karmas, Buera & Karel, 1992; Karel et al., 1994; Kasapis & 
Sablani, 2005; Le Meste et al., 2002; Slade & Lavine, 1991a). Although some studies have 
shown some evidence of systematic alterations of product characteristics, the rate of reactions of 
these physiochemical processes is slowed considerably (Sablani, Kasapis & Rahman, 2007; 
Ubbink, 2012). It is suggested that molecular mobility below this Tg is reduced significantly due 
to a dramatic increase in the viscosity of the amorphous liquid up to 1012 Pa.s (Angell, 1988). 
However, when the temperature increases above the Tg of the system, the segmental mobility 
rapidly increases leading to structural-, microbial- and chemical-related transformations (Figure 
1.3) (Ubbink, 2012). Major structural changes of food matrices when they are subjected to the 
temperature above Tg include the collapse of the structure, stickiness, a significant release of 
encapsulated substances and crystal formation (Roos, 1995; Ubbink, 2012). Chemical changes 
include an increase in non-enzymatic reactions, lipid oxidation, sugar hydrolysis and vitamin 
cleavage (Karel & Saguy, 1991; Karmas et al., 1992; Le Meste et al., 2002), and biological 
alteration such as an increase in enzyme and microbial activities (Chaudhary, Small & Kasapis, 
2013; Le Meste et al., 2002).   
Being a critical indicator of food product stability, the glass transition is a temperature 
dependent phenomenon (Slade & Levine, 1991a).  The evolution of physical properties of a food 
polymer can be explained on the basis of the viscoelastic transformation of the cooling behaviour 
of a biopolymer under a constant frequency of oscillation and cooling rate (Figure 1.4). The 
rubber to glass transition of a high-solid gelatin, for instance, shows a dramatic increase in shear 
moduli of about ten decades but remains constant as the system enters the glassy state (Kasapis 
& Sablani, 2005).  Flow behaviour was observed at the region IV (Figure 1.4) suggesting high 
molecular mobility of the network.  At this stage, the value of tan δ exceeds 1 indicating that the 
viscous fraction dominates the elastic consistency of the system. As the system enters the 
rubbery stage, the mobility of the network slows down considerably (region III), and the ratio of 
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loss modulus (G") to storage modulus (G') reduces to some extent (Kasapis, 2001). Here, the 
elastic part overtakes the viscous part of the system; in the case of gelatin, this is due to a coil-to-
helix transition of gelatin networks (Kasapis, Al-Marhoobi, Deszczynski, Mitchell & 
Abeysekera, 2003). Further, the system enters the glass transition region (region II) where there 
is a sudden increase in both moduli and tan δ value. The system is in the vicinity of its glassy 
state and at this stage gelatin’s helixes are starting to aggregate. The tan δ value reaches a peak 
as the gelatin network vitrifies (region I). The molecular mobility reduces significantly as 
indicated by the constant value of elastic modulus (G') and sudden decrease of the viscous 
modulus (G"). At this point, the system maintains its hard solid consistency and the mobility of 
the molecules is very limited (Kasapis, Mitchell, Abeysekera, & MacNaughtan, 2004; Roudaut, 
Simatos, Champion, Contreras-Lopez, & Le Meste, 2004).  
 
 
Figure 1.3.  Food stability above and below glass transition temperature presented as a function 
of changes in water activity (aW) and relative rate at constant temperature (R) (Ubbink, 2012).   
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Figure 1.4. Cooling profile suggesting the viscoelastic transformation of storage (G′) and loss 
modulus (G″) of 85.8% gelatin at constant frequency  (1 rad/s) and scan rate of 1 °C/min 
(Kasapis & Sablani, 2005).  
1.4.   MOLECULAR MOBILITY IN THE VICINITY OF THE GLASS 
TRANSITION TEMPERATURE  
Having understood the viscoelastic transition, it is important to understand the motion of 
the molecules in the vicinity of the glass transition temperature. The mobility of molecules at the 
glassy state, glass transition, and rubbery/flow stage are affected by temperature, concentration 
and composition of food polymer system. When a polymeric system is cooled at a lower rate of 
cooling, molecules align themselves in certain energetically equilibrated positions, and this is 
what was previously recognised as a crystalline configuration (Torquato, 2000). Random 
molecular arrangements occur when the polymer is cooled rapidly so that the molecules are 
unable to reach an equilibrated energy level; thus they vitrify (Jadhav et al., 2009). At this glassy 
state (T< Tg), the molecular movement was dominated by vibration and reorientation of small 
molecule segments with minor translational or rotational motions of side chains (Ludescher, 
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Shah, McCaul, & Simon, 2001). Local motions predominate compared to collective motions of 
molecules at the vicinity of this Tg (Contreras-Lopez, Champion, Hervet, Blond & Le Meste, 
2000; Roudaut et al., 2004). At this point, the molecular mobility follows the Arrhenius law 
where the atomic motions are highly affected by their energy of activation (Debenedetti & 
Stillinger, 2001).  
As the temperature increases beyond Tg, the cooperative motions, namely translational 
and rotational are affected by thermal exposure of the polymeric materials (Ludescher, Shah, 
McCaul, & Simon, 2001). Amplitude and frequency of molecular movement escalate following 
the increase in temperature. The transition follows the physical alteration of the polymeric 
structure from solid-rigid to liquid flow (Slade & Levine, 1991a). Molecular mobility intensifies 
as viscosity reduces significantly, resulting in a change in the textural profile of polymeric 
material (Roudaut et al., 2004).  The flow property of the polymer requires a certain amount of 
free volume to allow rearrangement of the molecular structure (stretching and bending of 
chemical chains) at the glass transition and rubbery stage (Yildiz, Sozer, Kokini, 2010). The 
relationship between chain mobility and the concept of free volume is discussed later in this 
chapter. 
1.5.   THEORIES ASSOCIATED WITH GLASS TRANSITION PHENOMENA 
1.5.1. Free volume theory 
The free volume theory is related to the movement of molecules based on the available 
voids between polymeric networks (Sperling, 2006). This concept can be used to explain the 
structural relaxation of a polymer above glass transition temperature (Angell, 1988). This 
classical theory revolves around the distribution of specific volume, occupied volume, and free 
volume in the polymer. Figure 1.5 shows the schematic variation of molecular volumes of a 
supercooled liquid (Ferry, 1980).  
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Figure 1.5. Schematic representation of total specific volume, occupied volume and free volume 
of supercooled liquid (Ferry, 1980).  
From Figure 1.5, the specific free volume (v) is the sum of occupied volume (vo) and free 
volume (vf). The occupied volume refers to the fraction occupied by polymer molecules 
including their van der Waals radii and vibrational motions (Yildiz, Sozer, Kokini, 2010). The 
free volume (vf) is related to the irregular packing of the molecules that contribute to empty 
space or voids between molecular chains (Ferry, 1980). As the temperature increases beyond 
glass transition temperature, the free volume expands to a certain degree and this is noted as the 
thermal expansion coefficient (α ). At the glassy stage, the expansion coefficient (αg) is 
relatively smaller to that in the rubbery stage (Ferry, 1980). This expansion concept is critical to 
explain the free volume theory in relation to molecular mobility and viscosity. 
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The most commonly used equation to explain the free volume theory is the Williams-
Landel-Ferry (WLF) equation which was derived from the free volume concept by Doolittle 
(Ferry 1980; Kasapis, 2008a). Doolittle’s (1951) theory highlights the relationship between 
viscosity of n-alkanes and their relative free volume (vo/ vf ) as: 
 
 
where η is viscosity (Pa.s) and  A and B are constant. Williams, Landel and Ferry (1955) later 
suggested that transport phenomena and molecule mobility were affected by molecular 
rearrangement. Therefore, they introduced the fractional free volume notation, f, as free volume 
accessible to allow local motion in a polymer. The f value is equal to (vf / vo). Therefore, the 
Doolittle equation can be written as:  
 
Since the fractional free volume is assumed to increase linearly with temperature, the f  value at 
T > Tg is : 
 
where fg  is the fractional free volume at the glass transition temperature and αf is the thermal 
expansion coefficient in deg-1.  
Free volume concept introducing a set reduced dynamic data known as a shift factors (aT) 
which indicate polymer relaxation over time (Kasapis, Desbrières, Al-Marhoobi & Rinaudo, 
2002). Regarding shift factor (aT), the free volume equation (1.1) can be written as: 
 
 
The WLF equation can be used to derive a relationship with the changes in viscosity related to 
the free volume coefficient as given by the formula:  
 
ln η  = ( 	 ) + ln ⁄  (1.1) 
ln η  = ( 	) + ln ⁄  (1.2) 
	 = 	 + 	 ( −  ) (1.3) 
log  = 2.303 1	 − 1	 (1.4) 
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where the fractional free volume, fo, is fractional free volume at a reference temperature (Tο) and 
B is usually set to 1 (Ferry, 1980, Nechitailo, 1992; Kasapis, 2008a). The WLF constants (C1o 
and C2o) are specified as (Ferry, 1980):  
 
 
The value of C1o and C2o are 17.4 and 51.6 deg, respectively for synthetic polymers 
(Williams, Landel & Ferry, 1955); however, it is difficult to generalise the same value for 
biopolymers. Works conducted by Kasapis and colleagues (Dissanayake et al., 2012; 
Dissanayake et al., 2013; George, Lundin & Kasapis, 2014; Kasapis, Al‐Marhoobi & Mitchell, 
2003; Kasapis, 2008b, Panyoyai,  Bannikova, Small & Kasapis, 2016a; Paramita, Bannikova & 
Kasapis, 2015; Paramita, Bannikova & Kasapis, 2016; Savadkoohi, Bannikova, Kasapis & 
Adhikari, 2014; Savadkoohi, Bannikova, Mantri & Kasapis, 2016)  have revealed the variation of 
WLF constants affected by the nature of the biomaterial mixtures (Table 1.1). The polydispersity 
of biomaterial properties such as length of chains, chemical interactions, and size of molecules 
may influence the calculated value of C1o and C2o (Yildiz, Sozer & Kokini, 2010). This is 
discussed further in the ensuing section.  
1.5.2. Mode-coupling theory (MCT) 
The mode-coupling theory is a theory developed to explain the effect of the cage 
phenomenon on the dynamics of density fluctuations of a simple liquid (Götze, 1999). The cage 
effect highlights the particle motion within the cage which is created by the neighbouring 
particles (Novikov & Sokolov, 2003). This is recognised as a critical parameter to differentiate 
the dynamic mobility of supercooled liquids to a dense gas. The dynamic crossover of molecular 
mobility from liquid-like to solid-like is predicted by this theory (Angell, Poole, & Shao, 1994). 
 
and 2 = 		  (1.6) 1 =
2.303	  
(1.5) log  = log  η()η( ) = −
( 2.303	⁄ )( −  ) 	 	⁄ ! + ( −  )  
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Table 1.1. Constants (C1o and C2o), fractional free volume (fg) and predicted mechanical glass 
transition temperature (Tg) of WLF parameters of biomaterials.  
System  To 
(
°C) 
C1 o C2o 
(deg) 
Tg 
(°C) 
C1g C2g 
(deg) 
fg αf  (deg-1 x 
10-4) 
 
        
0.5% deacyl gellan with 7 mNCa2++ 50%sc + 
35%gs∗ 90 4.6 166.0 −26.0 15.1 50 0.029 5.7 
0.8% deacyl gellan + 40% sc + 40% gs∗ 70 4.0 146.5 -26.5 11.7 50 0.037 7.4 
1.0% high acyl gellan + 79% gs∗ −1 9.7 75.0 -26.0 14.5 50 0.030 6.0 
2% HM Pectin+ 77.4% polydextrose+ 0.4% vit C* -15 nr nr -20 nr nr 0.040 8.0 
3% HM Pectin + 81% gs + 1% oleic acid∗ -12 10.2 53 -15 nr nr 0.040 nr 
1.0% κ-car with 5 mN KCl + 82% gs† 60 4.7 110.6 -1.0 10.4 50 0.041 84 
0.5% κ-car with 10 mN KCl + 85% gs∗ 60 5.8 117.0 -7.0 13.5 50 0.032 6.5 
0.5% κ-car with 10 mN KCl + 80% gs∗ 40 7.7 95.5 -35.5 14.8 50 0.029 5.9 
2.3% κ-car with 25 mN KCl + 35.4% sc  
+ 35.3% gs∗ -29 10.1 63.0 -39.0 12.8 50 0.034 5.0 
2% κ-car + 82% polydextrose+1% α-linolenic acid∗ -7 10.1 51 -8 nr nr 0.042 8.0 
0.7% agarose + 50% sc + 35% gs∗ -22 10.6 68.6 -41.0 14.6 50 0.030 6.0 
1.32% pectin (de 22) + 39.84% sc + 39.84% gs∗ -21 11.1 63.0 -34.0 14 50 0.031 6.2 
1.0% pectin (de 92) + 40% sc + 40% gs∗ 0 10.3 62.0 -12.0 12.8 50 0.034 6.8 
0.5% guar gum + 82.5% gs† 0 9.4 72.2 -22.2 13.6 50 0.032 6.4 
1.0% guar gum + 82% gs† 2 8.9 71.1 -19.7 12.7 50 0.034 6.8 
1.0% locust bean gum + 82% gs† nr nr nr -20.0 nr nr nr nr 
5.0% gelatin (Mn = 68,000 D) + 30% sc + 50% gs† 9 8.1 106.1 -44.0 17.1 50 0.026 5.2 
25% gelatin (Mn = 29,200 D) + 40% sc + 15% gs∗ -25 9.8 63.5 -39.0 12.4 50 0.035 7.0 
25% gelatin (Mn= 39,800 D) + 40% sc + 15% gs∗ -22 10.6 62.0 -34.0 13.2 50 0.033 6.6 
25% gelatin (Mn= 55,800 D) + 40% sc + 15% gs∗ -15 11.3 62.0 -27.0 14 50 0.031 6.2 
25% gelatin (Mn= 68,000 D) + 40% sc + 15% gs∗ -2 9.7 62.3 -14.3 12.1 50 0.036 7.2 
15% gelatin (Mn= 67,200 D) + 31.5% sc + 
31.5%gs∗ -25 13.9 52.0 -30.0 14.5 50 0.030 6.0 
40% sc + 40% gs∗ -5 8.3 90.4 -45.5 15 50 0.029 5.8 
40.5% sc + 40.5% gs∗ -23 11.5 63.0 -36.0 14.5 50 0.030 6.0 
85% gs∗ -13 7.6 67.0 -27.0 10.2 50 0.040 8.0 
83% gs† 0 8.0 74.5 -25.3 12 50 0.036 7.2 
80%wpi (denature) ∗ -8 nr nr -10 nr nr 0.022 4.4 
15%wpi +65% gs (native)* 
15%wpi +65% gs (partial-denature)* 
15%wpi +65% gs (denature)* 
-36 
-9 
2 
14.9 
10.9 
12.8 
52 
51 
51 
-38 
-10 
1 
nr 
nr 
nr 
nr 
nr 
nr 
0.028 
0.038 
0.033 
5.4 
7.6 
6.4 
64%wpi +16% lactose (denature) ∗ -10 nr nr -14 nr nr 0.029 6.0 
79%wpi + 1% linoleic acid (undenature) ∗ -14 10.4 52 -16 10.8 50 0.040 8.0 
80%BSA∗ 12 nr nr 6 nr nr 0.040 8.0 
80% soy glycinin∗ -6 nr nr -8 nr nr 0.025 5.0 
The To  and Tg is the reference and glass transition temperature, respectively ; C1 o, C2o  and C1g, C2g are the WLF 
constants at To and Tg, respectively;  fg is the fractional free volume at Tg; α f  is the thermal expansion coefficient; sc 
= sucrose; gs = glucose syrup-the composition of glucose syrup refers to dry solids; de = degree of esterification; Mn 
= molecular weight; wpi = whey protein isolate; HM Pectin = high methoxy pectin; κ-car = κ – carrageenan;BSA= 
bovine serum albumin;  nr = not reported. ∗The cooling rate was 1°C/min; † The cooling rate was 2°C/min. 
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The basic principle of the theory deals with the viscosity and relaxation of materials at 
the critical temperature (Tc), typically 30-150 K, above Tg (Faupel & Rätzke, 2005). The concept 
has been found to be useful to understand the viscosity change in the range of T > Tc (Novikov & 
Sokolov, 2003) but fails to describe changes below Tc where it returns to follow Arrhenius 
behaviour for a very strong coupling interaction (Angell, Poole, & Shao, 1994). At this stage, 
local rearrangement of molecules is possibly occurring instead of movement over microscopic 
distances below Tc (Faupel & Rätzke, 2005). This theory focuses on the density, the volume 
fraction of the system and the properties of the materials (Champion, Le Meste & Simatos, 2000; 
Ikeda & Miyazaki, 2010). 
1.5.3. Reaction rate theory 
Relaxation of molecules in the region of the glassy state (T < Tg) is suggested to be a 
temperature dependent process (Roudaut et al., 2004) and molecular relaxation surrounding the 
glassy state is a deviation of free volume theory. It is suggested that molecular organisation at the 
glassy state is almost in an equilibrium state (Abiad, Carvajal, & Campanella, 2009), so the rate 
of physiochemical changes can be related to temperature (T in K) via the Arrhenius equation 
(Nelson & Labuza, 1994):  
 
 
here k is the rate constant at temperature T, ko is the pre-exponential factor, R is the ideal gas 
constant (8.31 J/mol K) and Ea is the activation energy (kJ/mol). Based on this equation, 
molecules require a certain amount of energy (Ea) to allow movement within the material (Clark 
& Braden, 1989).  The mathematical expression of the concept of reaction rate can be also 
written as shown in equation (1.8) (Arridge, 1975; Peleg, Normand, & Corradini, 2012). 
 
 
 
# = # exp(− ' ()⁄  (1.7) 
(1.8) log ##  = '2.303 ( 1 − 1  
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Reaction rate theory relates to the activation energy which is the minimum energy 
required for the movement of molecules. Therefore, the progress in molecular motion follows a 
constant rate process which is associated with the capacity of molecules to overcome the energy 
barriers (Jadhav et al., 2009). 
1.6. APPLICATION OF THE FREE VOLUME THEORY AND REACTION 
RATE THEORY TO PREDICT GLASS TRANSITION  
The glass transition temperature (Tg) of an amorphous material can be determined by 
measuring the physical transformation of the material as a function of temperature. The Tg value 
can be measured conveniently by monitoring changes in viscoelasticity, specific volume, 
conductivity and thermal properties including heat capacity. Measurement of Tg value can be 
conducted through calorimetric, thermomechanical, spectroscopic, volumetric and dielectric 
methods (Abiad, Carvajal & Campanella, 2009; Roos, 2010).  Differential scanning calorimetry 
(DSC) and thermomechanical analysis on small-deformation dynamic oscillation measurements 
are the most common methods used to detect the glass transition of materials (Kasapis, 2006). 
DSC Tg can be determined based on endothermal step changes in heat flow following alteration 
of the specific heat capacity (∆ Cp) at the glass transition temperature (Roos 2010). The dynamic 
oscillation technique, on the other hand, measures changes of structural properties (moduli) as a 
function of temperature at an accelerating frequency of oscillation (Kasapis, Al-Marhoobi & 
Mitchell, 2003b). The basic principle of prediction of Tg in the oscillation test involves plotting 
frequency sweep data to a single master curve of reduced variables of moduli (G'p and G"p) and 
frequency of oscillation (ωaT). The frequency spectra at various temperatures intervals (three to 
four degrees centigrade) were translated using the time-temperature superposition principle. The 
data should cover the glassy-to-rubbery state of material’s viscoelastic transformation (Kasapis, 
2006).  
Time-temperature superposition (TTS) determines the rheological transformation of 
polymer liquid over a defined time and frequency as a function of temperature (Van Gurp & 
Palmen, 1998). The logarithmic value of the storage (G′) and loss (G″) moduli suggest relaxation 
spectra of material are shifted horizontally against a selected arbitrary temperature. Reduced 
dynamic data as a function of reduced frequency of oscillation reveals a set of shift factors (aT) 
18 
 
which is often associated with polymer relaxation time (Kasapis, Desbrières, Al-Marhoobi & 
Rinaudo, 2002). The relaxation process of the material plotted against experimental temperature, 
suggested a discontinuous curvature trend that follows WLF and Arrhenius relations. Both 
trendlines indicate significant mechanical transformation from rubber to glassy consistency. The 
discontinuity the two curvatures is identified as a system-dependant “critical temperature” 
(Karmas, Buera, Karel, 1992).  This transition temperature is known as the mechanical glass 
transition temperature (Tg) of the biomaterial (Kasapis, Al-Marhoobi & Mitchell, 2003b). 
The non-linear relationship above Tg indicates an effect of temperature on intensive 
molecular mobility and availability of vacant space following the Williams, Landel and Ferry 
theory; while below Tg, polymer chain relaxation is defined by a kinetic reaction as regulated by 
the Arrhenius law (Kasapis & Sablani, 2005). This mechanical Tg often deviates from DSC Tg by 
up to 18-25°C (Kasapis, Al-Marhoobi & Mitchell, 2003a; Paramita, Bannikova, Kasapis, 2016).  
This is due to the fact that the rheological Tg takes account of the formation of a network 
between biopolymers and/or co-solute, while calorimetric Tg merely focuses on the mobility of 
the small molecules and partly ignores networks of biopolymer (Kasapis, Al-Marhoobi & 
Mitchell, 2003a). Thermodynamic properties which are measured in calorimetric methods 
measure enthalpy and volume changes of materials, while dynamic oscillation reveals the 
frequency-dependant relaxation of a composite system arising from the chemical association 
(Roos, 2010).   
1.7.  FACTORS AFFECTING ALTERATION OF FOOD GLASS TRANSITION 
TEMPERATURE  
The physical properties of a biomaterial are a critical aspect determining the glass 
transition temperature of the composite system. Factors such as the composition of material, 
molecular weight, the presence of water and other plasticisers, affect the variation of 
thermomechanical properties and chemical stability of the system (Jadhav, et al., 2009). These 
factors are discussed in the following section.  
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1.7.1. Effect of composition of material  
Material compositions influence the mechanical properties and the glass transition 
temperature of various polymeric systems. In most cases, the complex systems are either a 
combination of two or more biopolymers or a biopolymer with another solute. Structural 
assembly of the biopolymer develops through the interconnection of molecular fractions which 
leads to the formation of phase–separated or cross-linked system (Bates, 1991). Phase separation 
in polymer systems (Figure 1.6), reveals binary fractions of polymer and their association with 
other compounds which lead to phase-separated homopolymers. The formation of these 
segregated phases influences highly mobile structural assembly. Branching of polymer side 
chains leads to an increase in the dynamics of a polymeric mixture often related to an increase in 
viscosity (Bates, 1991).  
Phase separated gelatin/polydextrose mixtures, for example, indicated an increase in the 
viscoelastic properties of the systems with an increase in the polydextrose content (Almrhag, 
George, Bannikova, Katopo, Chaudhary & Kasapis, 2012). The mobility of the molecules in 
these composite systems reduced significantly for high-solid preparations (up to 80% total solid). 
The mechanical Tg was recorded higher in the condensed system of gelatin/polydextrose (-22 °C) 
compared to a single system of polydextrose (-30 °C). Clearly, despite having segregated phases, 
the physical behaviour of the binary system is determined by network formation between gelatin 
helixes, which limit the overall mobility of the composite system. Table 1.1 indicates the 
variation of glass transition temperatures of the binary mixtures of the biopolymer with co-
solute. It is shown that the Tg values are affected by the total amount of solid and percentage 
gelling polymers. Systems with low glass transition temperatures are highly mobile. This is due 
to the relatively high segmental mobility of the side chains (affected by a molecular weight of 
co-solute) and free volume available within the polymeric networks (George & Thomas, 2001).  
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Figure 1.6. Typical molecular assembly through polymerisation of monomers. (A) macrophase 
separation of themodynamical incompatibility; (B) mixed homopolymer architecture of a 
surfactant-like stabilisation of intermediate-level phase separation and (C) Microphase 
segregation stabilised by covalent bonds between polymers (Bates, 1991).  
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Mechanical properties of polymers are also affected by the nature of the chemical 
association between adjacent molecules (Charlesby, 1990). Crosslinked or networked polymers 
join segregated segments through chemical bonding (often covalent or other secondary bonds) to 
form three-dimensional lattices of polymers blends (Holowka, & Bhatia, 2014).  Characteristics 
of crosslinked material such as crosslinking density, chemical bonding, molecular weight, and 
rigidity influence the glass transition of this system (Peppas, Huang, Torres-Lugo, Ward & 
Zhang, 2000). A material possesses stronger physical properties as its crosslinking density 
increases. This is due to the denser network of the polymeric structure with more points to store 
shear energy (Holowka, & Bhatia, 2014). Bond rotations reduce significantly, therefore, giving 
rise to a glass transition temperature.  
The influence of network formation on the glass transition temperature can be described 
using protein as a model system. Figure 1.7 shows the molecular assembly of amino acid 
residues in the formation of a tertiary network structure of various protein sources (Aguilera & 
Rademacher, 2004). The intermolecular bindings in these protein networks can be stabilised by 
covalent, hydrogen, hydrophobic, electrostatic or van der Waals associations which require 
minimum level of activation energy to create a defined molecular distance (Table 1.2) (Kinsella 
& Whitehead, 1989).  Previous study by George and co-workers (2014) suggested thermal 
treatments of a 15% protein fraction in the presence of a constant amount of co-solute (65%) and 
10 mM CaCl2 promoted denaturation and crosslinking of whey protein networks.  The 
mechanical glass transition temperature of the protein increased from -38 to 1°C due to a 
structural change of its native conformation (George, Lundin & Kasapis, 2014).  Thermal 
denaturation of the protein fraction unfolds the secondary and tertiary conformation of the native 
protein exposing reactive amino acid residues. The increased reactivity of the thiol groups of 
these cysteine residues promotes disulphide interactions which enhance the protein-protein 
association arising from calcium bridging and hydrophobic interactions (Anema, & McKenna, 
1996). Clearly, denaturation reduces chain flexibility by increasing intermolecular interactions, 
hence strengthen the structural rigidity of a polymeric protein. The rigidity of the polymer is an 
important parameter in determining the Tg value of a material.  
 Figure 1.7. Molecule to network formation of
Rademacher, 2004). 
 
Table 1.2. Molecular forces stabilised protein interactions (modified from Kinsella & 
Whitehead, 1989). 
Type Energy 
(KJ/mol)
Covalent Bond 336-
Hydrogen bond 8.4-33
Hydrophobic 
interactions 
4.2-12.6
Electrostatic 
interactions 
42-
Van der Waals 1-
1.7.2. Effect of molecular weight
The effect of molecular weight on 
crosslinking density of biopolymer (
molecular weight (M, g mol-1
 different protein 
 
 
Interaction 
distance (Å) 
Functional groups
378 1-2 Disulphide
.6 2-3 Amide, hydroxyl, phenolic 
groups 
 3-5 Aliphatic and aromatic side 
chains 
84 2-3 Carboxylic acid and amino 
groups 
9 2-3 Permanent, induced and 
instantaneous dipoles
 
the glass transition temperature is coupled with 
Holowka, & Bhatia, 2014). The general relationship between 
), glass transition temperature (Tg), and maximum glass transition 
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temperature that can be achieved at a theoretical infinite molecular weight (Tg∞) was introduced 
by Fox and Flory (1950) through the equation:  
 
 
where K is a constant depending on the polymeric system, αR and  αG are thermal expansion 
coefficients in the rubbery and glassy states, respectively (Sperling, 2006). At sufficiently low 
volume fractions over a wide range of molecular weight, the equation fails to predict Tg, and so a 
new equation is proposed to cover high-value molecular weight (M, g mol-1) (Fox & Loshaek, 
1955):  
 
 
This equation clearly suggests a linear relationship between the increments of glass 
transition and the molecular weight of the system. Studies conducted by Kasapis and co-workers 
(2003) revealed the effect of increasing molecular weight of protein fraction on the mechanical 
relaxation of biopolymer/co-solute system (Kasapis, Al‐Marhoobi & Mitchell, 2003b). They 
suggested that 25% gelatin with 40% sucrose and 15% glucose syrup at various molecular 
weights of gelatin from 29,200 to 68,000 D increased the predicted glass transition temperature 
from -39 to -14.5 °C. In this study, the concentration of the saccharide fraction was kept constant 
for all treatments. Another earlier study, conducted by the Orford research team (1989) also 
showed the effect of degree of polymerisation on increase in glass transition temperature 
(Orford, Parker, Ring & Smith, 1989). Their findings revealed a curvature increment of predicted 
glass transition temperature of malto-oligomers, amylose and amylopectin at the presence of a 
constant amount of water (13%). The high molecular weight biopolymer has a less free volume 
up to the plateau region where the internal mobility of side chains was highly limited due to 
entanglement coupling of networks in a random manner (Slade & Levine, 1991b).  
 
 
 = ∞ − *(( − +), 
1 =
1∞ +
*
 (∞)2 !, 
(1.9) 
(1.10) 
 1.7.3.  Effect of water and other plasticisers 
At the molecular level
volume, a decrease in viscosity and increase in mobility (Ferry, 1980). In 
system, water acts as a “mobility enhancer” by triggering
so amplifies the mobility of solute in
1991b). The effect of water as a plasticiser has 
molecular mobility and structural relaxation 
1996). A state diagram (Fig
temperature, on the decreased
the WLF relationship (Roos, 2010). 
Figure 1.8. State diagram suggesting
relaxation time in the vicinity 
A study conducted by 
the glass transition of milk powders. The
 
, a plasticiser leads to an increase in intermolecular space or free 
a 
 a rapid decrease in lo
 the system to eventually decrease the 
the same effect as a temperature in increasing 
of an amorphous biopolymer (Gontard & Ring, 
ure 1.8) demonstrates the effect of various water contents or 
 relaxation times above the glass transition temperature following 
 
 an effect of thermal or water plasticising 
of glass transition temperature (Roos, 2010). 
Silalai and Roos (2010) confirmed the role of water
y found an average ten-decade reduction of calorimetric 
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glass transition temperature (Tg) as a result of water plasticising (from 0 to 0.44 aw) which values 
varied depending on the composition of lactose, fat and protein in milk powders. The plasticising 
effect of the exact amount of water is largely influenced by the composition of a biomaterial 
(Sablani, Kasapis, Rahman, 2007). The text suggested that a food system with a high-sugar 
content has a more profound effect in repressing the glass transition temperature.  
Variation in the nature and concentration of plasticisers in the system influences the glass 
transition temperature of composite materials (Lourdin, Coignard, Bizot & Colonna, 1997).  The 
low molecular weight of glycerol, for instance, caused an intense effect on glass transition 
reduction (almost 100 K) over the increase in plasticiser and water content compared to the other 
plasticisers (glycerol, urea, PEG 200, ethylene glycol, sorbitol, lactic acid sodium, and glycerol 
diacetate and diethylene glycol). The effect of plasticiser on changing Tg of the complex system 
follows the order glycerol > lactic acid sodium> sorbitol (Lourdin et al., 1997).  This sequence is 
according to the increase in the size of the plasticiser molecule where glycerol, lactic acid 
sodium and sorbitol have molecular weights of 92, 112, 182 g/mol, respectively. As suggested 
previously in the text, small molecules have a higher tendency to increase the molecular mobility 
of a system, thus repressing the overall glass transition temperature of the system.  
1.8.   DIFFUSION IN FOOD SYSTEM 
1.8.1. Fickian diffusion theories  
The basic theory of diffusion was first introduced by Thomas Graham in 1833. He 
examined the diffusion of gas in closed chambers and concluded that a gas diffuses according to 
the square root of its density. The contraction or expansion of gas volume is affected by the 
fractional resistance of channels of the experimental devices (Graham, 1833). Following this 
study, Adolph Fick in 1855 introduced a theory on salt diffusion. He suggested that diffusion of 
two elements over time is proportional to the difference in concentration but varies inversely 
with the distance of one element relative to the other.  The direction of the movement of 
molecules through a porous membrane, he suggested, was determined by their difference in 
concentration gradient (Fick, 1855). Based on this fundamental understanding, Fick later 
postulated the first law of diffusion, suggesting the transfer rate of diffusants through a defined 
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area is proportional to the change in gradient concentration measured normal to the selected area 
as presented in the relation (Crank, 1975; George & Thomas, 2001): 
 
 
where F is the flux (also noted as J) in mol m−2 s−1,  ∂C  is the change in the concentration of a 
diffusing substance in mol m-3, ∂x is variation in space coordinate in m and D is the diffusion 
coefficient in m2 s−1. The negative symbol of diffusion denotes the opposite direction of diffusion 
relative to the intensifying concentration of a substance (Crank, 1975). 
Fick’s first law of diffusion only applies to the system where diffusion occurs in a steady 
state and a uniform system allowing constant accumulation of concentration, regardless of the 
time of observation. However, in normal circumstances the concentration of diffusants increase 
as a function of time and the concentration profile is in the unsteady state, therefore Fick (1855) 
proposed the second law of diffusion as follows:  
 
 
here ∂t is the variation of time where the diffusion coefficient (D in m2 s−1) is considered constant 
but affected by concentration.  
The transport behaviour of a small molecule in a polymer is an interacting factor of 
polymer networks and the properties of diffusants. Generally, the mobility of small molecule is 
classified as Fickian (Case I) and non-Fickian (Case II and anomalous) (Alfrey, Gurnee & Lloyd, 
1966). The concept Fickian and non-Fickian are based on the relationship between the relaxation 
rate of polymer and the relative mobility of penetrant within this polymer. Ritger and Peppas 
(1987a) proposed the empirical power law equation:  
 
 
where  Mt  and M∞ are mass of penetrant at a particular time (t in s) and at time approaching 
infinity, respectively;  k is structural or geometric constant for particular system and n is the 
release exponent which represent the release mechanism of entrapped ingredients. The value of 
(1.11) - = −. //0 
//1 = . /
2/02  (1.12) 
,1,∞ = #12  (1.13) 
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the release exponent (n) varies depend on geometric characteristic of the system summarised in 
Table 1.3 (Siepmann & Siepmann, 2008).  
Table 1.3. Diffusional exponent describing the release mechanism of penetrant materials from 
various polymer matrix geometries (Siepmann & Siepmann, 2008). 
Diffusion exponent (n) 
Release mechanism 
Slab (thin film) Cylinder Sphere 
0.5 0.45 0.43 Fickian diffusion  
0.5 < n <1.0 0.45 < n < 0.89 0.43 < n < 0.85 Anomalous transport or non-Fickian diffusion  
1.0 0.89 0.85 Case II transport 
 
The concept of release exponent is generally utilised to model the Fickian diffusion, 
anomalous and Case II transport. However, recently this concept has been extended to include 
other release mechanisms such as Supercase II diffusion, where n >1, and Pseudo or Less 
Fickian diffusion, where n < ½ (Sperling, 2006). Fickian diffusion and less Fickian diffusion are 
often assumed a parameter for slow diffusion of solute in system. It is suggested that the 
penetrants are diffused slower than polymer relaxation (RD <R relax). Equal diffusion and 
relaxation rate is characterised by anomalous transport (RD ∼R relax), while Case II shows faster 
diffusion rate of solute in the system in comparison to polymeric relaxation rate (RD> R relax) 
(Masaro &Zhu, 1999).   
1.8.2. Fickian non-steady state diffusion for various polymer geometries 
Equations following transport mechanisms in biopolymeric material can be differentiated 
into three categories based on their matrix geometry. For slab or thin film polymer, unsteady 
state Fickian diffusion is derived from equation (1.11) to (1.12) by considering boundary 
constraints to yield diffusion profile of active ingredients suggesting their kinetic mobility in 
entrapped polymer. Ratio of drug controlled release reformulation time (t in s) of mass release of 
bioactive materials (Mt) to mass release of these components at time approaching infinity  (M∞) 
can be expressed as (Ritger and Peppas, 1987a): 
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where L suggests distance to travel of diffused material expressed in meter (m) and D is diffusion 
coefficient in m2 s−1.  For short time, approximation functional release of diffusion is written as 
an error function of:  
 
 
Therefore, equation (1.14) and (1.15) can be solved as:  
 
 
Over a short time, the error function ierfc nL/2(Dt)0.5 is close to zero. Therefore, the diffusion 
equation in a thin polymer, following simplification of equation (1.16) and can be written as 
(Wang, Wu & Lin, 2008; Yusheng & Poulsen, 1988): 
 
 
here Mi is initial mass of diffusants. Equation (1.17) is normally characterised as the “half-time” 
diffusion at t1/2 time often indicated as Fickian release (Mt / M∞ ≤ 0.6) (Peppas & Peppas,1994) 
or Less Fickian release  (Wang, Wu & Lin, 2008) . 
Transport of diffusants from a completely sunk spherical matrix under defined boundary 
restrictions is written as (Peppas & Peppas, 1994; Ritger and Peppas, 1987a): 
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In addition to film and spherical geometry, diffusion of penetrants in a cylindrical polymer is 
written as:  
 
 
where a is the radius of the spheres or cylinder (m)  and  αn  is the positive root of J0(aαn), “the 
Bessel function of the first kind of zero order”, which is equal to zero (Crank, 1975). 
1.9.  SYNTHETIC POLYMER APPROACH GOVERNING DIFFUSION OF 
MOLECULES IN BIOPOLYMER  
Previously, the concept of free volume of a synthetic polymer argued the importance of 
free space between the polymer network to allow segmental mobility of polymer side chains 
(Ferry, 1980), here the concept is extended to the transport of molecules through unoccupied 
voids in the polymer structure.  The “hole” free volume should be large enough to accommodate 
a molecule to move or “jump” into. Depending on the degree of crystallinity, a highly packed 
molecular structure limits the molecular mobility of penetrant (Le Meste, Voilley & Colas, 
1991). For an amorphous system, the degree of crosslinking affects the capacity of a diffusing 
material to pass through the matrix system. Pore size linearly correlates to crosslinking density 
and the swelling capacity of a biopolymer network (Lin & Metters, 2006; Pal, Paulson & 
Rousseau, 2013).  
Diffusion coefficient (D) is determined by many factors such as temperature, nature of 
penetrant, and the chemical association occurred within the system (Pal, Paulson & Rousseau, 
2013). These critical factors, which affect the transport phenomenon are summarised in Table 
1.4.  Effect of temperature on transport profile includes relative mobility of penetrants in the 
vicinity of glass transition of the polymeric materials. The amount of microvoids of polymer 
chains and the average molecular size of penetrants affect molecular mobility below Tg (Le 
Meste, Voilley & Colas, 1991). Effect of temperature on diffusion below Tg is assumed to follow 
Arrhenius expression (Tromp, Parker & Ring, 1997): 
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or written as the logarithmic form: 
 
 
where D and Do are diffusion coefficient (m2 s−1) of solute at temperature T and infinite 
temperature, respectively; Ea is the activation energy for diffusion, R is the ideal gas constant 
(8.31 J/mol K) and T is absolute temperature (K). Barrer (1957) also suggests that diffusing 
molecules should possess enough energy to overcome attractive forces. Thus, the theory of 
molecular “jump” is largely associated with a thermal process and activation energy (Mehrer, 
2007). Entrapped molecules between lattices of polymeric chains depend on the activation events 
that allow the flow of energy through the system. If the force is enough to overcome the energy 
barrier, molecules will “jump” and follow a serial random walk motion which is affected by 
available sites in the polymer structure, or else molecules will remain in their original position 
(Figure 1.9) (Mehrer, 2007). 
 
 
 
 
 
 
 
 
 
 
Figure 1.9. Activation event of atom “jumping” process, i.e. movement in the polymer (GM 
refers to Gibbs energy barrier of atom migration) (Mehrer, 2007). 
 
 
 
log .  = log . − '2.303 (  (1.21) 
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Table 1.4. Factors affecting diffusion rate of penetrants in biopolymers and food systems.  
Influencing 
factor 
Properties  Reference 
Nature of 
polymer  
1. Molecular arrangement (amorphous, 
crystalline or semi-crystalline) 
2. Crosslinking between ionic molecule, 
cross-linker agents and polymeric materials 
3. Glass Transition 
(Decrease in Tg, higher diffusion rate due to 
increase segmental mobility of polymeric 
material) 
4. Macro- and Microporosity 
5. Viscosity of system  
 
Duda (1985); 
George & Thomas (2001);  
Hoare & Kohane (2008); 
Lin & Metters (2006) 
 
Nature of 
diffusants 
1. Size of diffusing material 
2. Crosslinking between penetrant and matrix 
 
Langer & Peppas (1981); 
Pal, Paulson & Rousseau 
(2013) 
 
Plasticiser  1. Presence of water  
2. Low molecular weight solute 
 
Slade & Lavine (1991a); 
Tromp, Parker, Ring (1997) 
Temperature Biopolymer relaxation  
(Increase in temperature leads to increase in 
free volume available for solute diffusion ) 
 
Le Meste et al. (1991) 
Geometry  Slab, cylinder or sphere 
 
Tütüncü & Labuza (1996); 
Panyoyai & Kasapis (2016) 
   
Time  Length of time  Paramita et al.(2016) 
Panyoyai et al. (2016) 
 
The transport of diffusing material above the Tg is affected by the free volume of the 
system as a function of polymer relaxation. Segmental mobility causes a constant progression in 
viscoelastic properties of the matrix which promotes diffusion of small molecule (Panyoyai & 
Kasapis, 2016).  The mathematical relationship describing this behaviour thus follows the WLF 
solution (Ehlich & Sillescu, 1990): 
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where C'1g and C'2g are the WLF parameters of the polymer matrix, T is the small molecule 
release temperature and Tg is the glass transition temperature of the system.  
An increase in the amount of diffusing material might not be proportional to the available 
free volume due to the size difference of the penetrants.  It is generally understood that the 
transport of molecules is determined by the free volume and the temperature. For a small 
molecule in an amorphous system, the effect of these parameters might not be significant; 
however, the case might not be true for a relatively large molecule. At T < Tg, a large diffusing 
material has to overcome the energy barrier with the possibility of exclusion due to limited free 
space that restricts the “jumping” of the molecule. However, the effect is the reverse or rather 
dramatic at T > Tg, where the motion of a molecule increases as more free volume is available in 
system, in addition to an increase in chain mobility of the polymeric network relaxation which is 
affected by an increase in the temperature (Panyoyai et al., 2016a; Paramita, Bannikova & 
Kasapis, 2015; Paramita, Bannikova & Kasapis, 2016). This hypothesis is discussed further 
based on the results presented in Chapters 3 to 6 of this thesis.   
Previous studies have indicated the dependency of the effect of penetrant physiochemical 
properties and role of plasticiser. Lower diffusion rates relate to the large size of the solute 
compared to the polymer mesh size, and this refers to as a “screening effect” of the polymer 
network as illustrated in Figure 1.10 (Hoare & Kohane, 2008; Langer & Peppas, 2003). 
Crosslinking between penetrant and polymer network might also affect release behaviour of a 
system. The interaction can be either physical or chemical through the attraction of opposite 
charges (Pal, Paulson & Rousseau, 2013). A study by Bonferoni and co-workers (2004) 
described the release behaviour of alkaline drugs (timolol maleate) from λ-carrageenan. They 
reported that an increasing amount of drug is able to be retained in the anionic-λ-carrageenan- 
rich environment due to crosslinking of the drug and this polysaccharide matrix, in comparison 
to a non-interaction profile of this drug with another biopolymer (gelatin).  
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Figure 1.10. Screening effect of solute affected by pH, temperature and polymer relaxation 
process (Rd = radius of solute or drug and ξ is mesh size of polymer) (reproduced from Langer & 
Peppas, 2003). 
The interaction or coupling of bioactive materials (vitamins and fatty acid) during 
diffusion within a polymer is a function of temperature and fractional free volume of the 
polymeric matrix, and this is explained in more detail in Panyoyai & Kasapis (2016) and later in 
Chapters 3 to 7 of this thesis. Generally, ξ, the coupling parameter, represents the relationship 
between the critical molar volume of the jumping unit of a bioactive compound to that of the 
polymer matrix. The degree of restriction of micronutrient diffusion was elaborated, thus, with 
the free volume theory to fit the William Landel Ferry (WLF) model at temperatures above Tg 
using  equation (1.22 ) (Ehlich & Sillescu, 1990: Guo, Knight, & Mather, 2009 ). 
For T ≥ Tg  ,  
 
 
From equations (1.22) and (1.23), we can develop a relationship between the diffusion 
coefficients at increasing experimental temperature as a function of free volume. Further, we 
define other coefficients as fractional free volumes parameters:  
 
 
Rd
Rd
pH, T, relaxation
ξ
Crosslinking
(1.23) 1′ = F1   and  C2g′ = C2g  
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where, αf is the difference in the expansion coefficient above and below the Tg expressed in deg-1, 
and fg is the fractional free volume at Tg. The equations (1.22) to (1.24) lead to the newly 
introduced equation of the relationship between fractional free volume, diffusion coefficient and 
coupling parameter (Panyoyai & Kasapis, 2016): 
 
 
 
A linear relationship was obtained by plotting log [D
 
(T)] vs (1/fg-1/f). From this plot, we obtain 
the coupling parameter (ξ) suggesting a matrix relaxation relationship with the diffusion of small 
solute.  
1.10. DIFFUSION CONCEPT IN CONTROL OF THE STABILITY OF FOOD 
NUTRIENTS   
The diffusion of macro- and micronutrients in food systems is a complicated matter, not 
only due to the complex physical and chemical properties of food materials but also due to the 
nature of the food nutrients. Diffusion in a food system mainly involves movement of the 
diffusing agents through a microscopic or macroscopic pore or channel within the food matrices. 
“Capillarity” and “porosity” are thus becoming critical concepts to understand the flow 
properties of nutrients in food polymers (Karel & Saguy, 1991).  
While the controlled release of a drug in a biopolymer system has taken a step further to 
utilise the diffusion concept, the application of such theory to follow transport of micro- and 
macro-nutrients in food systems has not been well established. The vast majority of studies have 
been on water sorption or desorption in food products and in biopolymer model systems 
(normally for drug and packaging application). Some of the findings are summarised in Table 
1.5.  
1 = 	2.303 	   and   2 =
		  (1.24) 
(1.25) log .() = log .() +  ξ2.303 8 1	 −
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Table 1.5.  The diffusion coefficient of various penetrants in biomaterials and food systems. 
Biopolymer Matrix Diffusant Diffusion 
Coefficient, 
 D, m2/s 
Measuring 
technique 
Reference 
Diffusion in biopolymer model system  
 
   
1%dextran (10 kD) 
+57.5%sucrose at -13°C 
 
fluorescein  
(332.3 g/mol) 
1 x 10-12 FRAP Contreras-Lopez et 
al. (2000) 
1%dextran (40 kD) 
+57.5%sucrose at -13°C 
 
fluorescein  
(332.3 g/mol) 
1 x 10-12 FRAP Contreras-Lopez et 
al. (2000) 
1%dextran (500 kD) 
+57.5%sucrose at -13°C 
 
fluorescein  
(332.3 g/mol) 
1 x 10-12 FRAP Contreras-Lopez et 
al. (2000) 
1%dextran (2000 kD) +57.5% 
sucrose at -13°C 
 
fluorescein  
(332.3 g/mol) 
1.58 x 10-13 FRAP Contreras-Lopez et 
al. (2000) 
10%dextran (2000 
kD)+57.5%sucrose 
at -13°C 
 
fluorescein  
(332.3 g/mol) 
1.58 x 10-13 FRAP Contreras-Lopez et 
al. (2000) 
10%pullulan (270 kD)+ 
57.5%sucrose at -13°C 
 
fluorescein  
(332.3 g/mol) 
1 x10-14 FRAP Contreras-Lopez et 
al. (2000) 
10%gum arabic (3.84 kD)+ 
57.5%sucrose at -13°C 
 
fluorescein  
(332.3 g/mol) 
1 x10-13 FRAP Contreras-Lopez et 
al. (2000) 
50%wpi +40% sorbitol 10% 
potassium 
sorbate 
 
9.76 x 10-11 spectroscopy Ozdemir &Floros 
(2001) 
50%wpi +35% sorbitol  10% 
potassium 
sorbate 
  
8.51 x 10-11 spectroscopy Ozdemir &Floros 
(2001) 
50%wpi +35% sorbitol+ 
5%beewax 
 
10% 
potassium 
sorbate 
8.34 x 10-11 spectroscopy Ozdemir &Floros 
(2001) 
Gs (DE47) 3.2% water 0.4 x10-11 gravimetry Tromp et al. (1997) 
 
Maltose 10% water 2.5 x10-3 gravimetry Tromp et al. (1997) 
 
wpi = whey protein isolate, gs = glucose syrup, FRAP = fluorescence recovery after photobleaching, kD = 
kilodalton, DE = dextrose equivalent 
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Table 1.5.  The diffusion coefficient of various penetrants in biomaterials and food systems 
(continued). 
Biopolymer Matrix Diffusant Diffusion 
Coefficient, 
 D, m2/s 
Measuring 
technique 
Reference 
Diffusion in biopolymer model system  
 
   
Polydextrose at 24°C water (aw 0.33)  1.8 x10-13 gravimetry Ribeiro et al. 
(2003) 
 water (aw 0.52) 6.5X10-12   
 water (aw 0.75) 1.3x10-11   
 water (aw 0.93) 1.7x10-11  
 
 
κ-carrageenan  potassium 
sorbate  
(pH 3.8) 
at 40°C 
at 25°C 
at 5°C 
 
 
 
3.35 x 10-13 
2.95 x10-13 
1.17 x10-13 
 
spectroscopy Choi et al. (2005) 
κ-carrageenan potassium 
sorbate (ph 7) 
at 40°C 
at 25°C 
at 5°C 
 
 
6.42 x10-13 
2.60 x10-13 
1.05 x10-13 
 
spectroscopy Choi et al. (2005) 
27.2% Trehalose  disodium 
fluorescein 
 
29.2 x 10-11 FRAP Corti et al. (2008) 
50.85% Trehalose disodium 
fluorescein 
 
23.9 x 10-11 FRAP Corti et al. (2008) 
74.67% Trehalose disodium 
fluorescein 
 
1.92 x10-11 FRAP Corti et al. (2008) 
80.35% Trehalose disodium 
fluorescein 
0.232 x10-11 FRAP Corti et al. (2008) 
     
FRAP = fluorescence recovery after photobleaching 
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Table 1.5.  The diffusion coefficient of various penetrants in biomaterials and food systems 
(continued). 
Biopolymer Matrix Diffusant Diffusion 
Coefficient, 
 D, m2/s 
Measuring 
technique 
Reference 
Diffusion in food system      
Carrot  drying: 
at 50 °C 
at 60 °C 
at 70 °C 
at 80 °C 
 
Water 
(original 
moisture 
content 
89.03%) 
 
7.2 x 10-11 
9.3 x 10-11 
1.1 x 10-10 
1.5 x 10-10 
gravimetry Toğrul (2006) 
Breakfast cereal: 
Flake thickness 0.01 m 
Flake thickness 0.04 m 
Spherical thickness 0.01 m 
Spherical thickness 0.04 m 
 
Water 
(RH 75%) 
 
11.5 x 10-11 
86.2 x 10-11 
12.7 x 10-11 
84.7 x 10-11 
gravimetry Tütüncü & Labuza 
(1996) 
Potato drying (slab geometry at 
70°C, air velocity at 3.1m/s) 
 
Water  
(RH 30%) 
8.4 x 10-10 gravimetry Yusheng & Poulsen 
(1988). 
Potato drying (slab geometry at 
70°C, air velocity at 3.1m/s) 
Water 
 (RH 40%) 
6.1 x x 10-10 gravimetry Yusheng & Poulsen 
(1988). 
 
Cheese  at 30 °C Water  
Fat 
 
3.8 x 10-9 
1.1 x 10-11 
NMR Callaghan et al. 
(1983) 
Bread at 6% water Fat 1.5 x10-11 NMR Roudaut et al. (1998) 
 
Bread at 9% water  Fat 
 
5 x 10-12 NMR Roudaut et al. (1998) 
 
2%HM pectin 
+77.6%polydextrose 
at -20 °C (slab geometry) 
 
0.4% ascorbic 
acid (vit C) 
8.2 x 10-8 Spectroscopy Panyoyai et 
al.(2016a) 
wpi microcapsules at Tg = 30 °C 
(spherical with moisture 9.4%) 
Nicotinic acid 
(vit B3) 
8.5 x10-15 Spectroscopy Panyoyai et 
al.(2016b) 
 
2% κ-carrageenan 
+82%polydextrose 
at -16 °C (slab geometry) 
 
1% α-linolenic 
acid 
7.36 x 10-10 Spectroscopy Paramita et al.(2015) 
3%HM pectin +81% gs 
at -16 °C (slab geometry) 
 
1% oleic acid 
 
22.6 x 10-10 
 
Spectroscopy Paramita et al.(2016) 
79% wpi at -16 °C (slab 
geometry) 
1% linoleic 
acid 
1.63 x 10-10 
 
Spectroscopy Paramita & Kasapis 
(2016) 
wpi = whey protein isolate, HM pectin = high methoxy pectin, gs = glucose syrup, vit = vitamin, RH = relative 
humidity,  FRAP = fluorescence recovery after photobleaching, NMR = nuclear magnetic resonance spectroscopy. 
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From Table 1.5, we can clearly see the effect of the polymeric material, the properties of 
the diffusing agents, the concentration and the presence of plasticisers in determining the 
diffusion rate in biopolymer and food systems. Factors such as molecular weight of biopolymer, 
crosslinking of polymer network and type of biopolymer decrease the release profile of 
diffusants from the composite polymeric system (Contreras-Lopez et al., 2000). Similarly, the 
presence of plasticisers such as water and low molecular weight solutes (sorbitol) reduces the 
diffusion coefficient of the system (Ozdemir & Floros, 2001; Ribeiro, Zimeri, Yildiz & Kokini, 
2003). Temperature, the quantity of the diffusing agent, and the size of the molecule also affect 
diffusion rate of penetrating material from the system (Corti et al., 2008; Toğrul, 2006; Tütüncü 
& Labuza, 1996; Yusheng & Poulsen, 1988).  
Lipid diffusion, specifically, has not been widely explored (Table 1.5). Studies in cheese 
and bread glassy systems have shown the technological importance of understanding lipid 
diffusion for further applications in the controlled stability of the lipid fraction in food (Roudaut 
et al., 1998). Lipid oxidation is a “diffusion-limited” chemical reaction (Karel &Saguy, 1991), 
and research on lipid diffusion is essential for further applications in the controlled delivery of 
essential fatty acids. Metastable physical properties of the food matrix at the glass transition 
temperature creates temporary protection for the unsaturated fatty acid, however, accelerated 
temperature promotes further transformation of matrix physical properties that allow oxygen 
permeation to the matrix as well as diffusion of the essential oil fraction to the surface of the 
matrix (Shimada, Roos & Karel, 1991). Therefore, the current research aimed to explore the 
relationship between biopolymer physical properties based on synthetic polymer theories, to 
rationalise fatty acid diffusion in the model food system.    
1.11. SUMMARY OF CURRENT KNOWLEDGE AND EXPECTED     
OUTCOME OF THE RESEARCH 
Numerous studies have reported health implication associated with the consumption of 
unsaturated fatty acids, particularly omega-3, omega-6 and omega-9 fatty acids. However, 
creating barriers that can protect these fatty acids against oxidation while at the same time 
ensuring sustainability of their release is quite challenging. The idea of this research project is to 
employ biopolymeric material to create a protective shell surrounding the fatty acid. The 
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empirical approach is largely based on the ability of an amorphous high-solid material to evolve 
from a rubber to glassy consistency at the vicinity of the glass transition temperature. This 
intriguing capacity has been shown to control the rate of chemical reaction, biological activity 
and enzymatic processes in food systems (Roos, 1998; Sablani, Kasapis & Rahman, 2007); yet, it 
has not been explored extensively for controlled delivery of nutrition and bioactive ingredients. 
The metastable properties of the disordered molecular arrangement of a biopolymer based 
system are similar to the molecular immobilisation of a highly viscous liquid at, or below, its 
glass transition temperature (Tg) (Jiang & Kasapis, 2011). Several studies on the effect of glass 
transition in limiting enzymatic hydrolysis (Chaudhary, Small & Kasapis, 2013), reducing non-
enzymatic browning (Karel & Saguy, 1991) and limiting diffusional mobility of bioactive 
compounds (caffeine and vitamins) (Jiang & Kasapis, 2011; Panyoyai et al., 2016a) have been 
reported. However, less has been done on the diffusion of omega-s fatty acids in high solid 
systems specifically in relation to changes in their viscoelastic properties. Therefore, the 
importance of this research is to develop an understanding of the diffusion of fatty acids in high 
solid matrices in relation to structural relaxation of the biopolymer/co-solute matrices. 
 A combination of theoretical frameworks based on the concepts of free volume (Ehlich 
& Silescu, 1990; Ferry, 1980; Vrentas & Duda, 1979) and reaction-rate predictions (Sapru & 
Labuza, 1993) has been developed to show a relationship between structural properties of food 
biopolymers and diffusion kinetics of essential fatty acids. Further, the concept of the network 
glass transition temperature (Tg) and coupling theory (Ehlich & Silescu, 1990) emphasise the 
macromolecular characteristics of a biopolymer network and its association with the fatty acid 
penetrant.  This is further assessed as an index of convenience in relation to the release kinetics 
of unsaturated fatty acids in systems with potential for controlled delivery of essential fatty acids 
in food and nutraceuticals industries. Therefore, an important aspect of investigating the state of 
omega-s fatty acids in high-solid matrices in this PhD research is to obtain fundamental 
knowledge on release mechanisms of fatty acids in high-solid systems to ensure bioavailability 
and potential applications in retarding chemical deterioration of this bioactive lipid in a 
protective biopolymer-based matrix. The findings will allow a modification of the properties of 
the protective shells to permit timely release of this active ingredient to meet the market demand 
for natural bio-based materials. 
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1.12. RESEARCH HYPOTHESIS  
Dynamic fatty acid diffusion follows stress relaxation of biopolymers and this mechanism is 
affected by the nature of polymeric composites and the presence of plasticisers.  
1.13.  SIGNIFICANCE AND RATIONALE OF THIS RESEARCH  
1. Provide a fundamental understanding on the kinetics of diffusional mobility of fatty acids 
in condensed biopolymeric matrices. 
2. Connect the evolution of stress relaxation of the polymeric matrices with the diffusional 
mobility of the fatty acids. 
3. Render conceptual understanding of the effect of co-solute on diffusional patterns of fatty 
acids in high solid systems.  
1.14.  PRIMARY RESEARCH QUESTIONS  
1. What are the changes in the structural properties of a polymeric high-solid matrix in the 
vicinity of the glass transition temperature? 
2. What is the effect of structural relaxation on the diffusional kinetics of unsaturated fatty 
acids in a polymeric matrix? 
3. Can the reaction rate theory explain the effects of polymer structural relaxation on the 
transport of fatty acid in this condensed system? 
4. Can the free volume theory also be utilised to explain the rubber-to-glass transition 
phenomena in polymers and molecular mobility of essential fatty acids? 
5. What are the effects of partial substitution of the biopolymer with co-solute on the 
structural properties and release kinetics of fatty acids in the high-solid systems? 
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1.15.  RESEARCH OBJECTIVES  
1. Characterise the structural behaviour of high-solid matrices based on a synthetic polymer 
approach.  
2. Investigate the conceptual relationship between biopolymer structural relaxation and 
diffusion patterns of unsaturated fatty acids from these polymeric matrices.  
3. Utilise reaction rate theory in determining the energy barrier for polymers and small 
penetrant molecules to migrate in condensed polymeric materials. 
4. Rationalise patterns of dynamic diffusion of fatty acids in a high solid matrix using 
theoretical modelling based on the concept of free volume theory in addition to Fickian 
diffusion kinetic theory. 
5. Identify of the parameters with physical significance derived from each type of analysis. 
6. Determine the release mechanism of fatty acids at various ratios of biopolymer to co-
solute.  
1.16.  OVERVIEW OF THIS THESIS  
Chapter 1: Reviews the theoretical concepts behind this research project. This chapter highlights 
the concept of food as a polymer, the concept of glass transition and the interpretation of 
physical phenomena in the control diffusion of food micro-and macronutrients. 
Chapter 2: Presents the current methodological approach applied to justify the hypothesis and to 
answer research questions. Some review of the chemical properties of materials and detection 
mechanism of the instruments are briefly presented.  
Chapter 3: Describes the observed release behaviour of oleic acid from condensed high-methoxy 
pectin/glucose syrup. This study focused on the utilisation of a high molecular weight 
polysaccharide in the presence of an amorphous saccharide fraction.  
Chapter 4: Studied diffusional pattern of α-linolenic acid from a κ−carrageenan/polydextrose 
system. The effective diffusion of fatty acids in two types of highly networked polysaccharide 
mixtures was discussed.  
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Chapter 5: Studied linoleic acid diffusion from a high solid whey protein system. This chapter 
focuses on the entrapment properties of the native protein structure and is further compared to 
previous polysaccharide/co-solute systems.  
Chapter 6: Investigated the plasticising effect of co-solute substitution within the biopolymer on 
the release kinetics of linoleic acid, presented as a function of free volume and coupling of a 
small molecule to the complex protein system.  
Chapter 7: Summarises all Chapters and reveals the effect of plasticiser changing the coupling 
parameter of fatty acids to biopolymeric materials.  
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2.1.  BASIC MATERIALS  
2.1.1. Biopolymers and co-solutes 
This part briefly presents materials specifications used in this research. The main 
polymeric materials in this study were high methoxy pectin, κ-carrageenan, polydextrose and 
whey protein isolate which were used in Chapters 3 to 6. Further details on the food 
hydrocolloids and co-solutes used in this project and their specification are listed in Table 2.1 
and some of their physical and chemical characteristics are discussed in the following 
subchapters. 
2.1.1.1.   Pectin 
Pectin is a biopolymer extracted from the cell wall of higher plants. The main sources of 
this material are citrus peel and apple pomace (Thakur, Singh, Handa, & Rao, 1997; Willats, 
Knox & Mikkelsen, 2006). Pectin is composed of D-galacturonic acid units connected by α-(1,4) 
glycosidic linkages (BeMiller & Huber, 2008). Many the galacturonic acid residues have been 
esterified to form methyl esters and the ratio between esterified groups to the total galacturonic 
acid units is known as degree of esterification (DE) of the polysaccharide fraction (Morris, 
Foster & Harding, 2000). Based on their DE, pectin is classified into two major groups: high 
methoxy pectins (HMP) and low methoxy pectins (LMP). HMP has a degree of esterification 
value from 60 to 75% while LMP ranges from 20 to 40% (Sriamornsak, 2003).  
Gel formation of pectin is determined by several factors such as temperature, pH, degree 
of esterification, type of pectin and its source, calcium ions, and the presence of sugar or other 
solutes (BeMiller & Huber, 2008; Willats, Knox & Mikkelsen, 2006 ). Gelation of HMP is 
assisted by a reduction in repulsive forces between pectin molecule chains as the pH is reduced 
to about 3, and addition of sugar further suppresses pectin-solvent interaction (Figure 2.1). 
Gelation of LMP is described by the formation of the “egg-box model”, in which a junction zone 
of ordered galacturonic acid chains is stabilised by electrostatic and ionic bonds of carboxyl 
groups with Ca2+ trapped between these chains (Axelos & Thibault, 1991). The general 
properties of pectin are summarised in Table 2.2. 
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Table 2.1. Biopolymer and co-solute specifications 
 
 
 
 
 
Biopolymer & co-solute Purity 
(%) 
CAS 
Number 
Other specifications 
Pectin  
(high methoxy pectin) 
(P9135 SIGMA) 
purchased from Sigma 
Aldrich (Sydney, 
Australia) 
 
≥74.0% (dried 
basis of the 
galacturonic 
acid) 
 
9000-
69-5 
The powder contains 6.7% methoxyl group 
and ≤10% moisture. 
κ-Carrageenan 
(22048 SIGMA)  
purchased from Sigma 
Aldrich (Sydney, 
Australia) 
Not specified  11114-
20-8 
Carrageenan was light yellow to yellow 
coloured powder extracted from red 
algae- Euchema cottonii type III. The 
powder is soluble in hot water of 
maximum 5 mg/mL and retains viscosity 
of 5-25 mPa.s for 0.3 % powder in water 
at 25 °C. 
 
Whey protein isolate 
obtained from  Fonterra 
Co-operative Group Ltd 
(Palmerston North, 
New Zealand) 
90.4% protein  
(N x 6.38) 
91082-
88-1 
Powder of WPI has 4.7% moisture with 
the minor addition of carbohydrate 
(0.9%), fat (1.0%) and minerals (3.0%). 
The material has been tested for 
microbiological contamination, which was 
< 10 cfu/g for yeast and mould, and the 
aerobic plate count was < 10,000 cfu/g. 
Physical tests showed the bulk density of 
0.34 g/mL for the powder. The 5% (w/w) 
solution has pH 6.9 at 20ºC. 
 
Polydextrose obtained 
from Tate & Lyle 
ANZ, Pvt. Limited 
(Decatur, IL) 
 
90%   The moisture content of powder was about 
4%.   
Glucose syrup obtained 
from Edlyn Foods Pty 
Ltd (Victoria, Australia) 
81% with 40-
45% of glucose 
residues 
68424-
04-4 
Dextrose equivalent (DE) of 42 for the 
sample. A trace of sodium is detected at 
about 0.005% (w/w). 
 
  
Figure  2.1. High methoxy pectin gel
 
2.1.1.2.  Carrageenan 
 
Carrageenan is a gel-forming polysaccharide 
viscous polysaccharide is often use
pharmaceutical industry (Van de Velde
anionic mucopolysaccharide formed by alternating
galactose with of 1,3-α-D-and 1,4
Carrageenan can be classified into three
carrageenan and lambda-(λ)-carrageenan. They diff
anhydro-galactose (Table 2.3) (
of the sulphate group in the polysaccharide
does not precipitate at the wide range of pH values (BeMiller & Huber, 2008). 
 
 
 
 
 
 
 
 
 
 
 
 formation. 
normally extracted from red sea
d as a gelling agent, thickener and emulsifier in food and 
, Lourenco, Pinheiro & Bakkerd, 2002
 units of D-galactose and 3
- β-D-glycosidic linkages (Necas & Bartosikova, 2013).
 types: kappa (κ)-carrageenan, iota (
er in their amount of ester sulphate and 3
Barbeyron, Michel, Potin, Henrissat & Kloareg, 2000
 causes this hydrocolloid to be negatively charged and 
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-6-anhydro-
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-6-
). Ionisation 
 
57 
 
Table 2.2. Physicochemical characteristics of pectin (BeMiller, 1986; BeMiller & Huber, 2008; 
Sriamornsak, 2003; Thakur, et al., 1997; Yoo et al., 2003). 
 
Chemical 
composition 
This hydrocolloid is primarily composed of poly[α-D-
galactopyranosyluronic acids].  
 
Solubility Monovalent cation salt of pectin and the pectin acids are generally soluble in 
pure water, but in their di- or trivalent cation salts, they are weakly soluble or 
insoluble in water. Minimum temperature of 90 °C is required to fully 
dissolve pectin in water. 
 
Gel formation High methoxy pectins forms gel at pH 3 at a certain amount of solid (sugar) 
at least 55%, generally 65%. 
Low methoxy pectins forms gel at the presence of calcium or other divalent 
cations.  
 
Viscosity Viscosity is influenced by the several factors such as molecular weight, the 
presence of counterions in the solution, pH, degree of esterification, and the 
concentration of pectin solution. 
 
Molecular weight Native pectin reported having average molecular weight of 138,000-226,000 
g/ mol. 
 
Properties Pectin is resistant to hydrolysis by enzymes in the digestive tract. 
 
Synergistic 
effects 
Sugar increases gel strength. Other hydrocolloids such as ethylcellulose, 
chitosan, protein and alginate may improve gel strength.  
 
Source Citrus peel and apple pomace. 
 
Concentration in  
food products 
0.1-4 % by weight depends on the type of pectin.  
 
 
Major uses Use as gelling, bulking agents, texturiser, emulsifier and stabiliser for jam, 
jellies, beverages, sauces and pharmaceutical products tablets, gel beads and 
microspheres. 
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Table 2.3. Classification of carrageenans and their ratio of ester sulphate and 3-6-anhydro-
galactose contents. 
 
Type Ester sulphate 3-6-anhydro-galactose 
κ-carrageenan 25 to 30% 28 to 35% 
ι- carrageenan 28 to 30% 25 to 30% 
λ- carrageenan 32 to 39% None 
 
The κ-carrageenan has a single sulphate bound on every disaccharide unit and is capable 
of forming rigid or flexible gels in cationic solutions (Baeza, Carp, Pérez & Pilosof, 2002). 
Gelation of κ-carrageenan leads to the formation of double helices and further a three-
dimensional gel (Figure 2.2). The gelation phenomenon of this type of carrageenan can occur at 
a minimum concentration of 0.5%. Unlike κ-carrageenan which can form a gel in the presence of 
potassium ions, the ι-carrageenan forms gel with calcium ions. The λ- carrageenan, on the other 
hand, is unable to form any gels (BeMiller & Huber, 2008).  
Carrageenan is freeze–thaw stable or does not require refrigeration to maintain its gel 
properties. It exhibits a wide range of texture profiles varying from rigid, brittle, elastic, clear, 
turbid, heat-stable or a thermally reversible hydrogel which can be obtained by simply modifying 
the carrageenan properties or combining it with the other food ingredients (BeMiller & Huber, 
2008). For this reason, this biopolymer has promising properties to be applied in various food 
products or pharmaceuticals.  The properties of carrageenan are summarised in Table 2.4.  
 
 
 
 
 
 
 
 
 
Figure 2.2. Reversible gelation mechanism of κ-carrageenan (BeMiller & Huber, 2008). 
 
 
cool 
cool 
heat heat 
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Table 2.4.  Physicochemical characteristics of carrageenan (reproduce from Tobacman, 2001) 
Chemical 
composition 
 
Carrageenan is composed of 1,3-α-D-and 1,4- β-D-galactose residues which 
available in sulphated form maximum 40% of its total weight. This 
biopolymer is negative charge at normal pH range and therefore is capable 
of associating with NH4, Ca, Mg, K or Na salts. 
 
Solubility λ–carrageenan can easily dissolve in cold or hot solution while κ-carrageenan 
is soluble in hot solution. 
 
Gel formation λ-carrageenan does not form any gels; gel formation of κ- carrageenan and ι-
carrageenan is promoted by the presence of K and Ca ions, respectively. 
 
Viscosity The viscosity of carrageenan increases with an increase in  concentration. For 
1.5% (w/w) food grade carrageenan, is about >5 cP at 75°C but generally, it 
is estimated about  5 to 800 cP at 75°C for 1.5% preparation. 
 
Molecular weight Molecular weight of native carrageenan is 1.5 × 106 – 2 × 107 (g/mol) while 
the food grade carrageenan estimated around 100,000–800,000 (g/mol).  
 
Properties The λ- and κ-carrageenan are used to enhance solubility, texture and also 
served as thickening agent, emulsifier or stabiliser for various food products. 
 
 Synergistic 
effects 
 
Carrageenan can increase gel strength and cohesiveness of a product when 
added to other hydrocolloids, for example, locus bean gum.  
 
Source Carrageenan is mainly extracted from red algae such as Chondrus, Gigartina 
and Eucheuma species. 
 
Concentration in  
food products 
 
Application in food product of about 0.005 to 2.0% by weight. 
Major uses This hydrocolloid is mainly used in milk-based products, meats, infant 
formula, cosmetic products, pesticides, dietetic formulations, and toothpaste. 
 
 
2.1.1.3.  Whey protein  
Whey is “the liquid substance obtained by separating the coagulum from milk, cream or 
skim milk obtained during cheese processing” (U.S. Code of Federal Regulation, 2015a). The 
liquid whey contains 93.9% water, 4.9% lactose, 0.7% whey protein, 0.5% minerals, and 0.1% 
fat (Bansal & Bhandari, 2016). Whey is obtained by removing the casein from milk by either 
acidification using acids (sulphuric acid, phosphoric acid or hydrochloric acid) or fermentation  
of lactose to lactic acid (pH 4.6). The other methods to produce whey are enzymatic processes, 
60 
 
for example, using rennet or chymosin, centrifugation, salting out, gel filtration (gel permeation 
chromatography), ultracentrifugation or microfiltration (Fox, Uniacke- Lowe, McSweeney, & 
O’Mahony, 2016).   There are two types of whey are acid whey and sweet whey (Kilara & 
Vaghela, 2004). The acid whey is produced as part of the yoghurt production from fermentation 
lactose or direct acidification of milk. The sweet whey, on the other hand, is produced from 
cheese or casein manufacture using the enzyme (Bansal & Bhandari, 2016).   
Manufacturing whey-based products including whey powders, whey protein 
isolate/concentrate, alcohol, lactic acid, lactose and glucose, involve separation processes, 
concentration and fractionation stages. Concentrated whey powders contained 12-13% and 9-12 
% protein for sweet and acid whey powders, respectively.  Further removal of water, lactose and 
mineral fractions produce concentrated whey protein of 35-80% solid or isolated protein powder 
of >90% solid (Fox, Guinee, Cogan, & McSweeney, 2017; Kilara & Vaghela, 2004).   
Whey protein consists of various fractions which make up its unique characteristics. The 
typical protein fractions and their physiochemical properties are summarised in Table 2.5. The 
functional properties and nutritional values are determined by these physical and chemical 
features (Jost, 1993). These parameters are primarily useful to predict the overall characteristics 
of a food product during processing. There are various functional properties that are attributed to 
the whey protein fractions such as solubility, foamability, emulsification, water uptake/water 
holding capacity, gelation, aeration, fat binding, and structural forming (de Wit, 1990).  
Whey protein isolates subjected to a thermal treatment forms gels with high water holding 
capacity. The gel strength of this protein is affected by the quantity and the amount of salt added 
to the systems (Vardhanabhuti, Foegeding, McGuffey, Daubert & Swaisgood, 2001). Gelation of 
β-lactoglobulin and bovine serum albumin fractions are induced by heat treatment of the solution, 
leading to denaturation and aggregation of the protein. The networks are stabilised by the 
presence of disulphide bonds between protein monomers to form stable secondary conformations 
(Lopes da Silva & Rao, 2007). Alteration of the physicochemical properties of whey protein and 
its fractions often leads to a modification in functionality which can be stimulated by chemical, 
enzymatic or physical treatments (Foegeding & Davis, 2011). 
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Table 2.5. Typical whey protein fractions and some of their physiochemical properties (Bryant & 
McClements, 1998; Farrell et al., 2004; Farkye & Shah, 2015; Kilara & Vaghela, 2004; 
Korhonen & Pihlanto, 2007; Nakai & Modler, 1996; O’Mahony & Fox, 2013). 
 
* percentage of soluble nitrogen at pH 4.6 
 
2.1.1.4.  Polydextrose 
Polydextrose is a dietary fibre obtained from the thermal polymerisation of D-glucose in 
the presence of sorbitol and phosphoric or citric acid (Craig, Holden & Khaled, 2000).  This 
polysaccharide is a highly branched biopolymer with a mixed combination of α- and β-  and 1,2-, 
1,3-, 1,4- but mostly 1,6- glycosidic linkages (Flood, Auerbach & Craig, 2004). The structure of 
polydextrose is shown in Figure 2.3 (Stowell, 2009) and its characteristics are given in Table 
2.6.  
Under the Code of Federal Regulations (21CFR172.841), polydextrose is recognised as a 
food additive with multiple applications as a humectant, bulking agent, formulation aid, and 
texturizer in all foods (U.S. Code of Federal Regulation, 2015b).  Polydextrose also acts as a 
sugar and fat replacement in wide range of food products such as candies, yoghurt, baked 
products (cookies and biscuits), puddings, beverages, ketchup and ice cream (Figdor & 
Rennhard, 1981).  The maximum adult consumption is limited to 90 g/day or 1 g/kg body weight 
per day, but the FDA further regulates up to 15 g per serving due to the possible laxative effect 
of over-consumption (Burdock & Flamm, 1999). 
Whey protein 
fractions 
Concentration 
in WPI (%) 
Concentration 
in WPC (%) 
Molecular 
mass 
(kg/mol) 
Isoelectric 
points 
Number 
of 
amino 
acids 
Denaturation 
temperature 
(°C) 
β-lactoglobulin 50 50-60 18.4 5.2 162 78 
α-lactalbumin 20 12-16 14.2 4.8 123 62 
Proteose 
peptones 
10* 10 11-28 3.3-3.7 107 - 
Bovine serum 
albumin  
0.3-1 3-5 65 5.1 582 64 
Immunoglobulin ~3 5-8 ≥145 5.8 550 72 
Lactoferrin  < 1 < 1 76-80 8.7 689 72-85 
Lactoperoxidase ~0.5 < 1 ~77.5 9.6 612 70-80 
  
Figure 2.3.  Structure of polydextrose (
 
Table 2.6. Physicochemical characteristics of polydextrose (
Tiihonen, Röytiö, Putaala, & Ouwehand, 2011
Chemical composition The p
linkages. 
Solubility High solubility in water up to 80%. 
Gel formation Non
Viscosity Low viscosity, less than 10 mPa.s at 10 % total solid.
Molecular weight 90% po
2000(g/mol).
Properties Resistant polysaccharide not broken down by human enzyme with c
value of about 1kcal/g
fermented by the intestinal 
Source Synthetic through 
Concentration in  food 
products 
5-15% by weight.
Major uses Essentially non
dairy, bever
and sugar replacements. 
 
2.1.1.5.  Glucose syrup 
Glucose syrup is a concentrated solution of saccharide
saccharide has > 70% total solid
Glucose syrup is always associated with 
Stowell, 2009). 
Craig, Holden & Khaled, 2000; 
) 
olysaccharide of D-glucose with mostly 1,6
 
 
-gelling polysaccharide. 
lydextrose has degree of polymerisation 
 
. Upon consumption, about 30% polydextrose is 
microflora to produce short chain fatty acids. 
the thermal vacuum of glucose units.
 
-sweet but can be used to provide bulk and mouthfeel in 
age and confectionery products. Also use as dietary fibre, fat 
 
 which is derived from starch
, and sulphated ash is less than 1% of its 
a dextrose equivalent (DE) value
62 
- α- or β-glycosidic 
 
≤30 and molecular weight 
aloric 
 
 
. This 
dry basis (Hull, 2010). 
 at a minimum of 20 
63 
 
(Olsen, 1995). In many cases, the processing of glucose syrup determines the sugar composition. 
Table 2.7 presents various methods of starch hydrolysis and the resulting sugar contents obtained 
from each process.   
Glucose syrup in food products acts as a bodying agent, flavour enhancer, foam stabiliser, 
freeze point depression, humectant, reduce moisture uptake, reduce sucrose crystallisation, 
prevention of ice crystal formation, sweetener (Hull, 2010). A summary of the physiochemical 
properties of this saccharide is presented in Table 2.8.  
 
Table 2.7.  Sugar spectra of various processing and DE of glucose syrup (Hull, 2010).  
 
Process DE Dextrose 
(%) 
Maltose (%) Maltotriose 
(%) 
Higher sugars 
(%) 
Enzyme 28 2 10 16 72 
Acid 35 11 12 14 63 
Acid 42 19 14 11 56 
Acid enzyme 42 6 44 13 37 
Acid enzyme 63 34 33 10 23 
Enzyme  95 93-94 4-5 1 1 
 
Table 2.8. Physicochemical characteristics of glucose syrup (Hull, 2010; Olsen, 1995) 
Chemical composition Mixture of dextrose, maltose, maltotriose and higher sugars depend on the 
DE value. See Table 2.7.  
Solubility Soluble in water. 
pH 4.5–5.5. 
Molecular weight 28 DE, 42 DE, 55 DE, 63 DE are 643, 429, 327, 286 g/mol, respectively. 
Viscosity 42 DE, 55 DE, and 63 DE have viscosity about 60,000, 50,000, and 25,000 
cP, respectively, at 30 °C. 
Source Hydrolysis of starch mainly from wheat, maize, potato.  
Major uses Brewing (beer and liquor), cakes, jams, sauces, ketchup, mayonnaise, soft 
confectionery (pectin jelly),  soft drinks, carrier for flavour, and ice cream 
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2.1.2. Fatty acids 
A fatty acid is a lipid-derived monomer which mainly functions as a storage and transport 
form of energy in the body. A fatty acid is composed of a chain of methylene groups with a 
carboxyl group at the end (Rustan & Drevon, 2005). Generally, there are two types of fatty acids: 
the saturated and unsaturated fatty acids (Table 2.9). Saturated fatty acids have straight 
hydrocarbon chains with an even number of carbons. A monoene is a term used for an 
unsaturated fatty acid with only one double bond, and a polyene has more than one. The majority 
of fatty acids that fall in this category have at least 16 carbons with cis configuration. The cis 
form refers to a structure where the hydrogen atoms connected to carbon double bonds are in the 
same direction whereas those located in opposite directions are the trans structure (Rustan & 
Drevon, 2005). The physical properties of fatty acids vary according to their degree of 
unsaturation and the cis-trans conformations. The cis conformations have lower melting points 
compared to their trans structures (Luddy, 1979).  
In a food system, the solubility of fatty acids is critical. Diluted fatty acids in water have a 
tendency to form micelles which are affected by the length of fatty acids chains and the pH 
(Rustan & Drevon, 2005). At high pH, fatty acids form alkali metal salts (soaps) while at low pH 
is where the carboxyl groups of the fatty acids have lost it charge, therefore they become stable in 
solution. Unlike in water, fatty acids dissolve well in non-polar organic solvents such as 
chloroform, hexane, ethanol, methanol, acetone, ethyl acetate, and dichloromethane (Hoerr & 
Harwood, 1952). Fatty acids are also very prone to oxidation due to their degree of unsaturation 
which may lead to the formation of free radicals and shelf-life reduction of the food products 
(Shen & Wijesundera, 2009).  The specifications of fatty acids used in this study are presented in 
Table  2.10.  
In this PhD project, omega-s fatty acids were selected as the object of study. 
polyunsaturated omega fatty acids (PUFA) were chosen on the grounds that most of them are 
regarded as essential fatty acids. Due to their complex properties, the majority of these bioactive 
materials cannot be synthesised in the body (Goodnight et al., 1982).  Research has shown that a 
high intake of PUFA could reduce the risk of cardiovascular diseases, cancers and some 
symptoms of rheumatoid arthritis. Other health benefits associated with the consumption of these 
lipids are related to immune and renal disorders, inflammation and allergies. DHA, especially, is 
crucial in brain development and retinal function in the foetus and infants (Brunner, 2006, 
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Schrooyen, Van der Meer & De Kruif, 2001; Wanasundara, Wanasundara & Shahidi, 2002). 
Therefore, there is a need to ensure the bioavailability of these fatty acids in foods to meet at least 
the recommended levels of consumption of omega-3 fatty acids of 1.35 to 2.2 gram per day, 
omega-6 of 4.4 to 20 gram per day and minimum of 0.16 to 1.6 gram daily for DHA and EPA 
(Meyer et al., 2003).  
 
Table 2.9. The structure of major omega fatty acids (Goodnight, Harris, Connor & Illingworth, 
1982; Rustan & Drevon, 2005). 
 ω-
characteristics 
Methyl end Carboxyl 
end  
 ∆-
characteristics 
Source 
Oleic, 18:1, 
 ω-9 
 
COOH 18:1 ∆9 Plants, 
animals. 
Linoleic, 18:2, 
ω-6 
 
COOH 
18:2 ∆9, 12 Plant lipids 
α-linolenic, 
18:3, ω-3 
 
COOH 18:3 ∆9, 
12,15 
Plant lipids, 
algae 
EPA, 20:5, 
 ω-3 
COOH 20:5 
∆5,8,11,14,17 
Marine 
algae, fish 
oils  
DHA, 22:6, 
 ω-3 
 
COOH 
20:6 
∆4,7,10,13,16
, 19 
Marine 
algae,  fish 
oils 
Note: blue and red letters refer to configuration of the ω (omega) and ∆ (delta) position, respectively, of double 
bonds in fatty acid structures. 
 
Table 2.10. Fatty acid specification. 
 
Fatty acid Molecular 
weight  
(g/mol) 
Purity 
(%) 
CAS Number Supplier 
Oleic acid 356.54 ~40% monoglyceride and 
60% di- and triglyceride 
mixture (TLC). 
111-03-5 Sigma Aldrich 
Co (Sydney, 
Australia) 
α-Linolenic 
acid 
278.43 ~70% linolenic acid, 20% 
linoleic acid and 10 % 
oleic acid. 
463-40-1 Sigma Aldrich 
Co (Sydney, 
Australia) 
Linoleic acid 280.45 ≥98.5% (GC) linoleic acid. 60-33-3 Sigma Aldrich 
Co (Sydney, 
Australia) 
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2.1.3. Reagents and Chemicals  
Reagents preparation and the usage of chemicals and other miscellaneous materials are 
described in detail in Chapters 3 to 6 of this thesis. Briefly, the reagent for the sulfo-phospho-
vanillin (SPV) analysis of the total lipid determination was made by diluting vanillin (3 g), 
deionized water (0.5 g) and concentrated phosphoric acid (2 L). The buffer solution for surface 
hydrophobicity method using 8-anilino-1-naphthalenesulfonate (ANS) fluorescence analysis was 
made by diluting 1.361 g potassium hydrogen phosphate in 100 mL water and pH was adjusted 
to 7.0 using disodium hydrogen phosphate (35 g/L). The ANS reagent was prepared by diluting 
ANS powder in 0.1 M in this phosphate buffer.  Specification and details of reagents and 
chemical used in this study are presented in Table 2.11. 
Table 2.11. Chemicals and miscellaneous materials specifications. 
 
 
 
 
 
Chemicals 
& miscellaneous 
materials 
Linear Formula Molecular 
weight 
(g/mol) 
Assay 
(%) 
CAS Number Supplier 
Ethanol  CH3CH2OH 
 
46.07 
 
≥99.8  64-17-5 
  
 
Sigma Aldrich Co 
(Sydney, Australia) 
Dichloromethane  CH2Cl2 
 
84.93 
 
≥99.0 75-09-2 Sigma Aldrich Co 
(Sydney, Australia) 
Ethyl acetate CH3COOC2H5 
 
 
88.11 
 
≥99.0 141-78-6 Sigma Aldrich Co 
(Sydney, Australia) 
Acetone CH3COCH3 58.08 ≥99.5 67-64-1 Sigma Aldrich Co 
(Sydney, Australia) 
Hydrochloric acid  HCl 36.46 
 
37.0 7647-01-0 Sigma Aldrich Co 
(Sydney, Australia) 
Phosphoric acid H3PO4 98.00 
 
85.0 7664-38-2 Sigma Aldrich Co 
(Sydney, Australia) 
Sulphuric acid H2SO4 
 
98.08 ≥ 98.0 7664-93-9 Sigma Aldrich Co 
(Sydney, Australia) 
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Table 2.11. Chemicals and miscellaneous materials specifications (continued). 
nr =not reported 
 
 
 
Chemicals 
& miscellaneous 
materials 
Linear Formula Molecular 
weight 
(g/mol) 
Assay 
(%) 
CAS Number Supplier 
Sodium hydroxide NaOH 40.00 ≥ 97.0 1310-73-2 Sigma Aldrich Co 
(Sydney, Australia) 
Barium chloride BaCl2 208.23 99.9 10361-37-2   Sigma Aldrich Co 
(Sydney, Australia) 
Potassium chloride KCl 74.55 ≥99.0 7447-40-7   Sigma Aldrich Co 
(Sydney, Australia) 
 
Sodium chloride  NaCl 58.44   ≥99.5 7647-14-5 Sigma Aldrich Co 
(Sydney, Australia) 
Magnesium Chloride MgCl2 95.22  ≥ 98.0  7786-30-3 Merck Millipore 
(Bayswater, Australia) 
Calcium chloride CaCl2 110.98   ≥93.0 10043-52-4   Sigma Aldrich Co 
(Sydney, Australia) 
Potassium dihydrogen 
phosphate 
KH2PO4 136.09 99.5% 7778-77-0 BDH Chemicals Ltd, 
Poole, UK.   
di-Sodium hydrogen 
phosphate anhydrous 
Na2HPO4 141.96 ≥99.0 7558-79-4 Merck Millipore 
(Bayswater, Australia) 
Silver nitrate AgNO3 169.87   ≥99.0 7761-88-8   Sigma Aldrich Co 
(Sydney, Australia) 
Vanillin 4-(HO)C6H3-3-
(OCH3)CHO 
 
152.15 99.0 121-33-5 
 
Sigma Aldrich Co 
(Sydney, Australia) 
8-Anilino-1-
naphthalenesulfonic 
acid ammonium salt 
C16H13NO3S · 
NH3 
 
316.37 ≥97.0 28836-03-5   Sigma Aldrich Co 
(Sydney, Australia) 
Nile Red 
 
C20H18N2O2 318.37 ≥98.0 7385-67-3 Sigma Aldrich Co 
(Sydney, Australia) 
Silicone Oil  [-Si(CH3)2O-]n nr nr 63148-62-9 
 
BDH Chemicals Ltd, 
Poole, UK.  &  Sigma 
Aldrich Co (Sydney, 
Australia) 
Amberlite® IR120 
hydrogen form 
 
nr nr nr 39389-20-3   Supelco & Sigma 
Aldrich Co (Sydney, 
Australia) 
Milli-Q water  H2O 18.02 nr nr Merck Millipore 
(Kilsyth, VIC, 
Australia) 
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Table 2.11. Chemicals and miscellaneous materials specifications (continued). 
nr =not reported 
2.1.4.  Sample Preparation  
Polysaccharide matrices were composed of 3% (w/w) high-methoxy pectin (HMP) with 
81% (w/w) glucose syrup and 2% (w/w) κ-carrageenan with 83% polydextrose.  To each 
formulation 1 % (w/w) of the fatty acid was added. The mixture was made by dissolving the 
polysaccharide powder in Milli-Q water at temperature about 90°C and then followed by cooling 
to 50 °C prior to addition of the co-solute. The temperature was decreased even further to ∼40 °C 
prior to fatty acid addition.  A 2 M HCl solution was added to the HMP /glucose syrup mixture 
to obtain pH 3 which is needed for gelation of HMP, in contrast to 50 mM KCl solution for the 
κ-carrageenan/polydextrose matrices. All samples were concentrated to achieve 85% total solid.  
 Protein matrices were prepared by dissolving whey protein isolate (WPI) powder at room 
temperature for two hours in Milli-Q water to achieve 30% concentration. Glucose syrup was 
dissolved in Milli-Q water and later added to this whey protein solution. The WPI solution 
containing glucose syrup was maintained at 30% total solid upon storage at 4°C overnight. The 
sample was further stirred for 15 min prior to addition of 1% fatty acid. The mixture was 
homogenised and condensed to obtain 80% total solid. The details of all sample preparations are 
given in Chapters 3 to 5 of this thesis.  
Chemicals 
& miscellaneous 
materials 
Linear Formula Molecular 
weight 
(g/mol) 
Assay 
(%) 
CAS Number Supplier 
40 mm Dialysis tubing 
(high retention 
seamless cellulose 
tubing) 
nr nr nr D0655  
(product code) 
Sigma Aldrich Co 
(Sydney, Australia) 
T-zero premium 
pan/hermetic lid set  
nr nr nr DSC 84012 
(product code) 
TA instruments 
(Melbourne, Australia) 
 
Standard SEM pin 
stub mount ∅ 12.6 
mm aluminium pins 
 
nr nr nr 16111 
(product code) 
ProSciTech Pty Ltd 
(QLD, Australia) 
Carbon planchets 
∅ 12.6 mm 
nr nr nr   G053-12 
(product code) 
ProSciTech Pty Ltd  
(QLD,  
Australia) 
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2.2.  INSTRUMENTAL METHODS OF ANALYSIS  
2.2.1. Dynamic oscillation measurement 
Rheology is the study of the deformation and flow of a material (Steffe, 1996). For 
viscoelastic materials, rheology principles were applied to measure the products’ response to a 
certain degree of stress (force per area) or strain (deformation per length) (Tabilo-Munizaga & 
Barbosa-Cánovas, 2005). The oscillatory test is one of the widely used dynamic measurements 
often used for analysing the stability of food and the viscoelastic profile of food when subjected 
to physical stress (Tabilo-Munizaga& Barbosa-Cánovas, 2005).  
There are two types of rheological measurement used to determine the viscoelastic nature 
of a food biopolymer, namely small and large dynamic tests. Key parameters in this oscillatory 
type of measurement are the storage modulus, loss modulus and phase angle. The storage 
modulus is also known as the elastic modulus (G') which represents the total amount of energy 
retained in the structure. The loss modulus, also known as the viscous modulus (G"), corresponds 
to the energy loss in the viscous part of the polymer material during shear (Tabilo-Munizaga & 
Barbosa-Cánovas, 2005). The phase angle, δ, indicates the difference between the stress and 
strain responses of the viscoelastic material. The value determines the properties of the material 
as being elastic (δ = 0°), viscous (90°) or viscoelastic (0°< δ <90°) (Hermansson, 1994). The 
tangent of this phase angle (tan δ) equals the ratio of energy dissipated to the energy stored for 
every cycle of deformation.  The mathematical expressions for these viscoelastic parameters are 
(Lucey, 2002; Rao, 2014):            
                                                                         
                                                                                                                         
                                                                                                                              
 
 
 
+″ = KL  sin O 
+ ′ = KL  cos O 
tan O = +″+ ′  
(2.1) 
 (2.2) 
(2.3) 
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where G' is the elastic or storage modulus, G" is the viscous or loss modulus, σo is shear stress 
and γo is shear strain.  The overall viscoelastic properties of the biopolymer can also be expressed 
in the equations: 
 
 
 
 
where G* represents the dynamic rigidity of the material when exposed to constant shearing, and 
η* shows the dynamic viscosity of this soft solid structure (Winter & Chambon, 1986). 
Small deformation oscillation tests constitute of four types of measurements including 
strain, time, frequency and temperature sweep (Steffe, 1996).  A strain or stress sweep is utilised 
to determine the Linear Viscoelastic Region (LVR). The LVR is defined as the region where the 
structural properties of the material are still intact.  This oscillatory measurement analyses the 
extent of deformation under increasing amplitude of the input at constant frequency (Figure 
2.4a). Increasing the strain or stress beyond the critical LVR disturbs the network structure 
(Figure 2.4b), thus the storage and loss moduli decrease gradually. The strain sweep is 
temperature and frequency dependent and linearity limit varies depending on the type of the food 
biopolymer, dispersions or gels (Rao, 2014).  
        
              
 
 
 
 
Figure 2.4. (a) Strain or stress sweep mode and (b) linear viscoelastic region (LVR) (Steffe, 
1996).  
 
 
(a) (b) 
(2.4) 
(2.5) η ∗ = +∗R  
|+∗| = T+′ 2 + +"2 
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Figure 2.5.  (a) Time sweep amplitude (Steffe, 1996) and (b) moduli of milk gels as a function 
of time (Gunasekaran & Ak, 2000).  
The time sweep is conducted to study structure development and disintegration in the 
food system over time at constant temperature and frequency (Figure 2.5) (Rao, 2014).  This test 
is critical to determine a food textural profile and product acceptability. For example, Figure 
2.5b presents the structure development of milk as a result of the addition of rennet/acid 
(Gunasekaran & Ak, 2000). 
The frequency sweep measures the elastic characteristics of gels at constant temperature 
and various frequencies of oscillation (ω) over time (Figure 2.6) (Rao, 2014). Here, strain is set 
constant and chosen within the LVR region (Rao, 2014). This measurement classifies food gels 
into 4 categories i.e. dilute solution, entangled solution, strong gel and weak gel (Figure 2.6 a-d) 
(Richardson & Kasapis, 1998). ). In the case of dilute solution (Figure 2.6a), both storage (G') 
and loss moduli (G") increase constantly with the frequency. The dynamic viscosity (η*) of this 
food polymer remains stable over the time of the experiment. The entangled solution (Figure 
2.6b) is often observed in food polymers with high concentration and molecular weight. 
Entangling of the polymer network progressively develops at higher frequency, to the point 
where storage modulus (G') will overtake loss modulus (G"), while the complex viscosity (η*) 
gradually decreases. In the entangled solution, the bonding among network chains is non-
permanent, and the elastic properties start to develop in a weak gel. Gelling agents such as 
protein and polysaccharide extracts, exhibit a range of gelling properties from weak to strong 
gels (Figure2.6c-d). The storage modulus (G') is higher than loss modulus (G") while dynamic 
viscosity (η*) linearly decrease. The main difference between these two types of gels is the 
(a) (b) 
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dependency on the mechanical spectra over increasing frequency of oscillation, where weak gel 
is more affected compared to the strong gel (Richardson & Kasapis, 1998).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. Frequency oscillation profile of four types of gels: (a) dilute solution, (b) entangled 
solution, (c) strong gel and (d) weak gel (Richardson & Kasapis, 1998), in addition to the (e) 
sinusoidal amplitude of frequency test (Steffe, 1996).  
(b) (a) 
(c) (d) 
(e) 
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Another oscillation test is the temperature sweep/ramp. This measurement determines the 
thermal properties such gelation, gelatinisation melting, denaturation, and glass transition of food 
materials (Rao, 2014; Steffe, 1996). The test is set to a constant frequency and strain within the 
linear viscoelastic range at accelerated or reduced temperature (Figure 2.7a).  The temperature 
ramp test indicates structural changes due to gradual increase in temperature, while temperature 
sweep test shows the step-and-hold profile of temperature applied to the material (Steffe, 1996). 
Thermal histories of cooling and heating profiles of high solid polysaccharide and protein were 
analysed using this method. The viscoelastic changes of these amorphous biopolymers from 
rubber-to-glass formation will be further discussed in Chapters 3 to 6 of this thesis.  For 
presentation only, the cooling ramp of κ-carrageenan with various levels of glucose syrup 
suggested a coil-to-helix transformation of this polysaccharide, and the accelerated storage 
modulus (G') at increasing glucose concentration is shown in Figure 2.7b (Evageliou, Kasapis & 
Hember, 1998).  
Small amplitude dynamic oscillation measurements were conducted on an ARG-2 
rheometer from TA Instruments (New Castle, DE).  There are three main parts of this rheometer: 
head, measuring system with smart swap system and the Environmental Test Chamber (ETC) 
(Figure 2.8). The head of the ARG-2 is attached to a ball-slide in the column. The head consists 
of the drag cup motor, optical encoder, radial air and magnetic thrust bearing. The drag cup 
motor provides rotation to the geometry of the rheometer. The optical encoder monitors the 
angular position and the radial air and magnetic thrust bearing support the position of the 
geometry thus allowing automatic rotational mapping (Figure 2.8). The measuring systems can 
be selected in a wide range of geometry types (cone, parallel plate or concentric cylinder) and 
size from 5-60 mm (diameter) with smart swap system allows detection of the type of geometry 
installed. The 10 mm stainless steel parallel plate was used in this study to measure rheological 
properties of high solid biopolymer. Temperature of samples is controlled by the environmental 
test chamber (ETC). It is a hybrid system that allows controlled temperature -160 to 600 °C 
when using liquid nitrogen. The system consists of an insulator, thermocouple, heater, and the 
gas ring to allow air and liquid nitrogen circulation. Other detailed specifications of the machine 
are given in Table 2.12 (TA Instruments, 2010). 
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Figure 2.7. (a) Temperature ramp and sweep mode in oscillatory test (Steffe, 1996) and (b) 
cooling history of  κ-carrageenan with various level of glucose syrup at 0.01 M KCl (Evageliou, 
Kasapis & Hember, 1998). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. Motorised components and Environmental Test Chamber (ETC) of the ARG-2 (TA 
Instruments, 2009a). 
1. Magnetic trust bearing; 2.Drag cup motor; 
3. Radial air bearing 
Head 
components  
The AR-G2 
rheometer  
ETC 
system  
(a) (b) 
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Table 2.12. ARG-2 system specification (TA Instruments, 2010). 
Parameter Specification 
Minimum torque steady shear 0.01µN.m 
Frequency range 7.5 x 10-7 to 628 rad s-1 
Angular velocity range Controlled  stress 0-300 rad s-1 
Controlled strain 1.4 x 10-7  to 300 rad s-1 
Normal force range  0.005 to 50 N 
ETC liquid nitrogen cooling/heating system  -160 to 600 °C 
ETC ramp rate  Max 60 °C/min 
ETC internal resolution  0.02 °C 
 
All samples in this project were loaded onto the Peltier plate with ETC set up. The gap was 
set at 1000 μm between this platform and the 10 mm parallel-plate measuring geometry. 
Biopolymer composites were cooled at a constant scan rate of 1oC/min, an oscillatory frequency 
of 1 rad/s and strain of 0.01%, which was previously determined by strain sweep analysis to be 
within the linear viscoelastic region (LVR). Frequency-sweep data were collected from the 
lowest experimental temperature of at a range of angular frequencies of 0.1 to 100 rad/s at a 
constant temperature interval of 4 °C.  
2.2.2. Modulated differential scanning calorimetry (MDSC)  
Differential scanning calorimetry is a method employed to determine the physical and 
chemical changes occurring in materials based on their thermal transition (Thomas & Schmidt, 
2010). The technique is frequently used in biology, food, and pharmaceuticals (Gill, Moghadam, 
& Ranjbar, 2010; Parniakov, Bals, Barba, Mykhailyk, Lebovka, & Vorobiev, 2016; Sato, 2001). 
This calorimetric method has been widely utilised to study protein interaction, denaturation and 
glass transition, lipid oxidation, melting and crystallisation of fat, starch gelatinisation and glass 
transition, polysaccharide gelation (Figure 2.9) (Biliaderis, 1983; Nishinari, & Takahashi, 2003).  
The basic principle of the differential scanning calorimetry (DSC) method is to compare 
the heat flow of the sample with a reference at a specific temperature, time and atmospheric 
conditions. The DSC is capable of detecting a very small heat flow changes (microwatts or μJ/s) 
in a single experiment. Two models of differential instruments are currently available in the 
market: the heat flux design (a model where sample and reference are located in the same 
chamber) or the separate furnace type (power compensation). TA Instruments produces the flux 
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model with purged liquid nitrogen to control the temperature over a wide range of thermal scans 
from -180 to 725°C (Thomas & Schmidt, 2010).   
The modulated DSC series Q 2000 from TA Instruments is the advanced type of original 
DSC (Figure 2.10). This model measures the heat capacity of materials at both a sinusoidal and 
linear rate. Heat flow from this modulated DSC model is calculated as:  
 
 
 
where dH/dt is a measure of the heat flow rate (mW =mJ/s),  Cp is heat capacity (J/°C), dT/dt is 
heating rate (°C/ min), and f(T, t) is heat flow due to time dependent kinetic process (mW).  Such 
characteristics thus allow this machine to separate heat flow and other kinetic processes. There 
are two heat flow signals measured in MDSC, namely the reverse and non-reverse heat flow, 
which represent changes in heat capacity and kinetics related to the phase transition of the 
materials (Thomas & Schmidt, 2010). 
In Chapters 3 and 4 of this Thesis, the heating and cooling profiles of high-solid 
preparations were analysed on the Q2000 from TA Instruments (New Castle, DE).  This 
technique was used to detect the glass transition temperature based on sudden changes in specific 
heat (Roos, 1995). Upon measurement, the nitrogen gas was constantly purged at a constant rate 
of 50 mL/min. Tzero aluminium pans were used to contain average 10 mg sample, with an empty 
pan serving as a reference. The temperature was ramped at 1°C/min from 90 and -80°C. 
Modulation was kept constant at 0.53°C for every 40 s.  
 
 
 
 
 
 
Figure 2.9. Thermal transition of DSC curve (modified from archive.cnx.org) 
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Figure 2.10. (a) MDSC Q2000 and (b) the cross-section of its cell (TA Instruments, 2009b). 
2.2.3. Spectroscopy  
Spectroscopy is a common methodology applied to measure and to interpret the spectra 
obtained from the interaction of electromagnetic radiation with materials (Penner, 2010a). 
Spectroscopic analysis has been widely used to determine the complex properties of food 
materials including their molecular assemblies and structural properties. The resulting 
measurements are useful in tailoring food functional properties, maintaining quality as well as 
the safety of food products (Nawrocka & Lamorska, 2013). 
 
(a) 
(b) 
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 Various spectroscopic methods which are currently available and mainly utilise the 
absorption/ emission of radiation such as ultraviolet-visible (UV-Vis), infrared (IR) and 
fluorescence, the diffraction methods such as x-ray and the radiowave such as nuclear magnetic 
resonance (NMR). These methods operate at specific wavelengths and are associated with 
different types of transitions in chemical systems. The characteristics of each measuring tool are 
summarised in Table 2.13 and Figure 2.11 (Penner, 2010a). This present research utilised 
ultraviolet-visible (UV-Vis), infrared (IR) and fluorescence spectroscopy, in addition to the 
diffraction method, using wide angle x-ray diffraction. A summary explanation of these 
methodologies is given in the following sub-chapters.  
 
Table 2.13. Various type of spectroscopy and their classification based on their wavelength 
regions (reproduce from Penner, 2010a). 
Wavelength 
Region 
Wavelength 
Limits 
Type of Spectroscopy Types of Transitions in 
Chemical Systems with Similar 
Energies 
X-rays 0.1–10 nm Absorption, emission, 
fluorescence, and 
diffraction 
Inner-shell electrons 
Ultraviolet 10–380 nm Absorption, emission, and 
fluorescence 
Outer-shell electrons in 
atoms, bonding electrons in 
molecules 
Visible 380–750 nm Absorption, emission, and 
fluorescence 
Outer-shell electrons in 
atoms, bonding electrons in 
molecules 
Infrared 0.075–1000 μm Absorption Vibrational position of atoms 
in molecular bonds 
Radiowave 1–1000 m Nuclear magnetic resonance Orientation of nuclei in an 
applied magnetic field 
 
79 
 
 
Figure 2.11. Electromagnetic spectrum (National Centre for Earth Observation, 2016). 
2.2.3.1.  UV/Visible Spectroscopy 
UV/Vis Spectroscopy is a quantitative method which is commonly used in food analysis. 
Carbohydrates, proteins, fatty acids, vitamins and phytochemical compounds have utilised this 
analytical tool to quantify, or just simply analyse, the activity of the active ingredients in a food 
system. The analytical approach of this method is to measure the absorbance of radiation within 
the visible range, from 350 to 700 nm, or ultraviolet range, from 200 to 350 nm (Penner, 2010b). 
The basic principle of this analysis is the detection of the compounds in a sample solution 
which is kept in an absorption cell and positioned in the path of the radiation. The radiant power 
of the beam entering the absorption cells is Io , and the amount of radiant power in the exit beam 
is  I. Thus, some of the radiant power is absorbed by the compound of interest, and the ratio of 
these energies is expressed as transmittance (T) or absorbance (A) of the compound in solution 
(Owen, 2000), as expressed in the mathematical relationships:  
 
 
 
 
 
 
 
 
 
 
 
 
 = YY   ? %  = 
YY  ×  100 
 = log YY  = − log  
(2.7) 
(2.8) 
80 
 
Quantitative analysis on total lipid was analysed using a Lambda 35 UV/Vis 
Spectrophotometer from Perkin Elmer (Norwalk, Connecticut, USA) (Figure 2.12a). The 
schematic diagram of the quantification method is shown in Figure 2.12b where a double lamp 
of either deuterium lamp (for ultraviolet range) or a halogen lamp (for visible range) serves as 
the light source.  A diffraction grating splits the radiation to different frequency or wavelength, 
and this is passed to a narrow slit. The rotating disk directs the radiation through the sample cell 
and reference cell, alternatively. The radiation photons are translated as electric currents and thus 
produce a spectrum of absorbance (Faust, 1997). 
The sulfo-phospho-vanillin reaction is a rapid spectroscopy analysis used for the 
determination of total lipids in this study. This method has the advantage of being simple, rapid 
and require a small amount sample. When compared to microgravimetric and thin layer 
chromatography, this method proved to be comparable, less time consuming and cost effective 
(less solvent or chemical required) (Lu, Ludsin, Fanslow & Pothoven, 2008). However, the main 
drawback of this specific assay is that the lipid should have at least a single carbon-carbon 
double bond (Frings, Fendley, Dunn & Queen, 1972).  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12. (a) Lambda 35 UV/Vis Spectrophotometer from Perkin Elmer and (b) schematic 
diagram of UV/Vis spectrophotometer. 
 
 
 
 
(a) (b) 
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The principle of the assay is the reaction of a lipid ester with sulphuric acid. This acid 
donates a proton to the double bond of the lipid and forms a highly reactive carbonium ion at a 
temperature about 100 °C. The colour develops as a result of reaction between the ions and the 
vanillin reagent. The vanillin reagent is a mixture of vanillin in water-phosphoric acid solution. 
Vanillin structure alters upon addition phosphoric acid and produces an aromatic phosphate 
ester. The reaction of the active carbonium ion with this ester group produces pink colour at the 
maximum wavelength of 525 nm (Knight, Anderson & Rawle, 1972). 
Quantification of total lipid in this study was conducted by taking 100-200 µL of fatty acid 
solution and transferring it to a test tube. The diluted fatty acid was then heated to 100 oC for 20 
min in a boiling water bath to remove residues of solvent. The remaining fatty acid was digested 
with 250 µL of sulphuric acid (99%) in the hot water bath at 100oC for exactly 10 min. Phospho-
vanillin reagent (5 mL)  was added to this mixture and incubated for a further 30 min at room 
temperature to form a pink adduct. A standard curve was prepared within the range 0.0005 to 
1.0% (w/w) fatty acid.  
2.2.3.2.  Fourier Transform Infrared (FTIR) Spectroscopy 
Fourier transform infrared (FTIR) spectroscopy is particularly useful to determine 
chemical moieties of organic and non-organic materials. The FTIR technique has overtaken the 
role of traditional analytical methods by shortening the time for analysis, reducing chemical use 
for analysis, reducing sample size and the preparation time (Rodriguez-Saona & Allendorf, 
2011). For food applications, the method requires a basic understanding of the properties of food 
in terms of molecular structure of its macro- and micro-constituents such as carbohydrates, 
proteins, fatty acids, vitamins and other active ingredients. This information serves as a reference 
for the obtained spectra on a particular biosystem.  
The basic principle of FTIR spectroscopy is the absorption of infrared radiation by food 
molecules. The mechanism is based on the vibration of atoms and their specific set of chemical 
bonds within the molecule. Once these atoms vibrate, they are displaced from their equilibrium 
position and the frequency which the atomic vibration absorbs from the infrared radiation is the 
same frequency.  The transmitted radiation is collected by a detector (Faust, 1997). The detector 
connects to the interferogram which mathematically converts the intensity and wavelength of 
detected beams to an infrared spectrum using a Fourier transformation (FT) (Wehling, 2010).  
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The infrared radiation is described as a frequency of molecule vibration. This frequency 
is related to the energy of the radiation using the following relationship:  
 
 
where E is the energy of the system, h is the Planck's constant, and v is the frequency in hertz. 
Frequency is normally presented as wavenumbers (cm-1) (Faust, 1997) and calculated as:  
  
 
 
where ̅ is the wavenumbers in cm-1 and λ is the wavelength of the light in cm-1 (Wehling, 
2010). The wavenumber range for infrared spectra is 4000 to 400 (cm-1). The value is either 
displayed as an absorbance or transmittance relationship as noted in equations (2.7) and (2.8) 
(Coates, 2006).  Routine FTIR analysis was conducted using a Spectrum 100 with 
MIRacleTMZnSe single reflection ATRplate from Perkin Elmer (Norwalk, Connecticut) (Figure 
2.13). All materials were scanned within the range of 4000  to 600 cm-1 with a resolution of  4 
cm-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13 (a) FTIR Spectrum 100 from Perkin Elmer and (b) its schematic diagram showing 
detection of the chemical composition of samples (Faust, 1997). 
(a) 
(b) 
(2.9) ' = ℎ 
(2.10) ̅ =  1λ (;2 @^) 
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2.2.3.3.  Fluorescence spectroscopy 
The fluorescence spectroscopic measurement is an analytical method which utilises 
electromagnetic radiation in the ultraviolet and visible range for sample detection (Panner, 
2010b). Fluorescence spectroscopy analyses the radiation that is emitted from compounds as 
electrons relax to their ground state from their excited level. This phenomenon was explained by 
Aleksander Jablonski in his energy diagram in Figure 2.14b (Jerome, 2011). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14. (a) Fluoromax-4 from Jobin Yvon Technology and (b) Jablonski energy diagram 
and (c) schematic diagram showing the detection of chemical composition of samples (Jerome, 
2011).  
 
 
(a) 
(c) (b) 
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At the room temperatures, molecules (fluorochromes) are in the ground state (So). The 
fluorochromes move to a higher energy level (S1) when the molecules absorb photons of light. 
These excited molecules quickly (about picoseconds) release the energy by colliding with 
surrounding molecules. This causes the fluorochromes to lose its energy in the form of photons 
and return to their ground state (So). The energy emitted has a lower energy compared to the 
absorbed energy, thus it has a longer wavelength. This phenomenon is observed as fluorescence 
emission (Jerome, 2011; Semwogerere & Weeks, 2005).  
The xenon light source emits light within the ultraviolet and visible range. The light 
enters the slit that filters the band pass/ wavelength of light passing through the sample cell. The 
sample absorbs the photons and emits lower energy photons (fluorescence). These photons are 
counted by emission detectors and present them as fluorescence spectrum (Figure 2.14c) 
(Horiba scientific, 2016) 
The surface hydrophobicity analysis in Chapter 5 of this thesis, applied the ANS (8-
anilino-1-naphthalenesulfonate) fluorescence spectroscopy method on this Fluoromax-4 from 
Jobin Yvon Technology (Horiba Scientific, Edison New Jersey) (Figure 2.14a). Quantification 
of the hydrophobic interactions between the fatty acid and globular protein was carried out 
following the protocol described by Moro, Gatti, & Delorenzi (2001) and Haque, Aldred, Chen, 
Barrow & Adhikari (2013). Samples were diluted in 0.1 M phosphate buffer (pH 7.0) to achieve 
25 µg/mL solutions. About 10 µL of 8 mM ANS reagent was added to 7 mL of this protein 
solution in aluminium foil-sealed test tubes, and mixtures were incubated for 25 min before 
analyses. The counts per seconds (cps) intensity and the RFI value of each mixture were 
calculated following this equation: 
 
 
 
where RFI stands for the relative fluorescence intensity,  Fs and Fo corresponds to the 
fluorescence intensity of sample and the blank (ANS in buffer solution without protein), 
respectively. Results were recorded in emission mode, with the excitation wavelength being set 
at 390 nm and emission between 200 to 700 nm. Integration time was set at 0.1 sec, slit at 5 nm 
and PMT voltage was 950 volt.  
 
(-Y = (-_ − - )-  (2.11) 
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2.2.3.4.  Atomic Absorption Spectroscopy (AAS) 
Atomic absorption spectroscopy is the most common method used to measure mineral 
elements in a biological sample. The method has provided good information regarding nutrients 
and toxicants in foods (Miller & Rutzke, 2010). Atomic absorption spectroscopy occurs when a 
ground state atom absorbs energy from a radiation source. This allows an electron to jump to the 
higher energy level and later return to the lower energy level while releasing a photon. Atoms 
absorb radiation of selected wavelengths from the radiation source (Beaty & Kerber, 1993).  
The main components of atomic absorption spectrometers (AAS) are a radiation source, 
an atomiser, monochromator, detector and computer. The operation system involves converting 
the solution of sample into the atomic vapour. This vapour is mixed with an oxidant and fuel and 
burnt in the flame. Atomised elements within the flame and absorb radiation from a cathode 
lamp composed of the same material as the analyte of interest. It is important to select a correct 
temperature to maximise the atomisation but reduce ionisation.  Flame characteristics can be 
modified by selecting the correct type and the amount of oxidant to fuel (see Table 2.14). Once 
the beam of the cathode lamp passes through the atomised elements in the flame and 
monochromator (acts like a filter to compress the bandwidth of interest elements), the element 
absorption can be quantified by the detector (Figure 2.15). The wavelength of each element 
depends on the cation. In this research, four elements and their maximum wavelength is given in 
Table 2.14. The absorbed radiation for AAS in a sample solution follows the Beer’s law 
expression (Miller & Rutzke, 2010). 
 
 
 
where A is absorbance, Io  is intensity of radiation incident on the flame, I is intensity of radiation 
exiting the flame, a is molar absorptivity, b is path length through the flame, and c is 
concentration of atoms in the flame.  
In Chapter 4 of this thesis, mineral analysis of the κ-Carrageenan in its potassium form 
was subjected to atomic absorption spectrometry (Varian Inc., Palo Alto, USA) (Figure 2.15) 
with working parameters following Table 2.14. Standard curves of cations were set between 0.1 
and 6.0 µg/mL.  
(2.12)  = log YY  = `@ 
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Table 2.14. Working variables of AAS (Moffett, 1995) 
Cations  Wavelength (nm) Slit (nm) Flame 
Potassium 766.5 1.0 Air-acetylene 
Magnesium 285.2 0.5 Air-acetylene 
Sodium 589 0.5 Air-acetylene 
Calcium 422.7 0.5 Nitrous oxide-acetylene 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15. (a) Atomic Absorption Spectroscope from Varian and (b) its schematic diagram 
showing detection of the chemical composition of samples in a double-beam instrument (Beaty 
& Kerber, 1993). 
(a) 
(b) 
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2.2.3.5.  Wide-angle X-ray diffraction (WAXD) 
Wide-Angle X-ray Diffraction (WAXD) is an analytical method employed to identify the 
crystalline and amorphous structure of a material. In a food system, application of this technique 
provides an estimation of the molecular fingerprints of food complex structure. The basic 
concept of this method is detection of the scattering of short wavelength electromagnetic beams 
x-rays when passing through a solid material to produce predictable patterns. The features of the 
scattered light and their intensity thus allow an estimation of the microscopic structure of a 
material (Clark, 1994). 
Crystalline materials contain a regular packing of atom planes. The planes are separated 
by an interplanar spacing, d, which is determined by atoms in the material. According to Bragg’s 
Law, when the planes in a crystal are exposed to x-ray beams at an angle theta (θ ) they scatter at 
an angle of reflection equal to theta. When the difference in the path length of the rays is equal to 
one wavelength, λ, the relationship can be written as 2dsinθ =λ (Figure 2.16) (Fultz & Howe, 
2013).   Since the crystal planes have regular patterns, the information can later be used to 
identify the chemical constituents by comparing them with diffraction patterns of known 
materials (Lamba, 2016).  Amorphous materials do not possess any long-range order and so do 
not appear as significantly crystalline in x-ray diffraction. The broad x-ray scattering peak of an 
amorphous structure exhibits a decrease in intensity as the molecular packing becomes more 
irregular. This gives rise to ‘halos’ or very diffuse diffraction peaks (Sperling, 2006).  
The D4 Endeavour from Bruker AXS GmbH (Karlsruhe, Germany) was the 
diffractometer used in this study. The x-rays were produced by heating the metal target and 
bombarding it with an accelerated beam of electrons. The beams pass through a divergent slit 
and expose the sample to the electromagnetic radiation. The rays are diffracted by the crystal 
structure of the sample and collected by the receiving slits which contain a crystal 
monochromator to screen through the rays. The signals are then translated into continuous 
current (Poppe, Paskevich, Hathaway & Blackwood, 2001). In this study, samples were scanned 
at an accelerating voltage of 40 kV and current of 40 mA using a position sensitive detector 
(PSD) within the 2θ range from 5 to 90° in defined intervals of 0.1°.  
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Figure 2.16. (a) Wide angle x-ray diffractometer from Bruker D4 Endeavour (Bruker, 2010) and 
(b) schematic diagram of sample analysis (Poppe et al., 2001).  
 
2.2.3.6. Attenuated total reflection Fourier Transform Infrared (ATR-FTIR) 
Spectroscopic Imaging  
The ATR-FTIR imaging method is an extension of FTIR spectroscopic analysis. Like the 
FTIR technique, this method can identify chemical structures in a material which interact with 
infrared radiation. The vibrations of these defined molecules form multiple infrared spectra 
arranged in a focal plane array (Kazarian & Chan, 2013).  A single measurement allows the 
quantification of composition, concentration and the distribution of numerous compounds in a 
composite material. The advantages of this analytical method are summarised in Table 2.15 
(Kazarian & Chan, 2006; Kazarian & Chan, 2013). 
Figure 2.17b shows the layout of the visible mode (left) and the measuring mode (right). 
A germanium crystal was placed at the end of the ATR objective lenses. In the visible mode, the 
sample was arranged to be located within the white light. The crystal is then lowered to make 
contact with the sample in the measuring mode. Pressure and contact angle can be modified to 
allow for perfection of the image (Kazarian & Chan, 2006). 
(a) (b) 
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The Spotlight 400 system from Perkin Elmer Inc. (Norwalk, CT, USA) allows detection 
at diameters of 300 or 1200 µm. It also produces clear images at pixel sizes ranging from 6.25 
μm to 50 μm and can be enhanced to 1.52 μm with the ATR attachment. An IR image is obtained 
using pure mercury cadmium telluride (MCT) arranged as 16 gold-wired infrared detector 
elements.  This MCT wide-range array also provides rapid IR imaging coverage to below 600 
cm-1 and the InGaAs array option delivers unsurpassed data quality while removing the need for 
liquid nitrogen cooling (Perkin Elmer, 2013). In Chapter 5 of this thesis, the ATR-IR images 
were recorded within 4000 to 750 cm-1, a resolution of 16 cm-1 was chosen for the 1.56 µm pixel 
size image over an area of 300 x 300 µm. The interferometer scan speed was fixed at 2.2 cm/s 
and repeated 8 times per pixel.  
 
Table 2.15. Comparison of three microscopic analytical methods (AMMRF, 2016a; AMMRF, 
2016b: Faust, 1997; Kazarian & Chan, 2006; Kazarian & Chan, 2013).  
 
Properties ATR-FTIR Imaging SEM  Confocal Microscopy 
Image 
quality 
High quality image High-quality up to 10-
1000000 
magnification 
 
2D to 3D high-quality 
image 
Main 
Function 
Chemical photography: it 
reflects distribution of 
compounds in sample 
based on elucidating 
chroma of specific 
functional groups of the 
compounds 
Topography of 
materials which 
cannot be resolved by 
light microscopy 
It is commonly used for 
detecting fluorescent 
materials 
Preparation Does not require specific 
preparation. Less or no 
chemical required 
Require special 
carbon or gold coating 
for dry sample or cryo 
treatments  
Require fixation and 
labelling using dyes   
Time  
Required 
Collection of image rapid 
from minutes to few 
seconds 
Image generated 
rapidly but need extra 
sample preparation 
time 
Image generate rapidly 
but need extra sample 
preparation time 
Application  Widely used in 
biomedical, polymer, 
colloid analysis   
Widely used for 
biological and 
polymer science 
Widely used in life 
science and material 
science 
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Figure 2.17.  (a) FTIR Spectrum 400 from Perkin Elmer and (b) schematic diagrams showing 
the ATR objective in the visible mode (left) and measuring mode (right) (Kazarian & Chan, 
2006). 
 
2.2.4. Scanning electron microscope (SEM) 
The scanning electron microscope (SEM) is an alternative imaging technique to portray 
the microstructural properties of a material which cannot be obtained from a normal light 
microscope. This technique has many advantages aside from being able to generate an image of 
the material’s morphology. Some of the main features are the ability to locate different 
compositions or bonding in the material, to analyse wet or dry samples, to analyse frozen 
materials, to generate x-rays for microanalysis, and to show crystallographic orientation 
(AMMRF, 2016a). A comparison of this technique to the aforementioned imaging analysis is 
given in Table 2.15.  
(a) 
(b) 
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The electron gun of the SEM generates high energy electrons that scan through the 
specimen surface in a rectangular pattern. The surface of the specimen generates various signals 
reflecting the topology of the sample. These signals are collected by an electron detector and 
converted to photons and amplified in a photomultiplier. The electric signals are used to 
modulate the intensity of the image on the screen. Point-to-point translation of electromagnetic 
beams collected reflects the points on the specimens (Figure 2.18) (AMMRF, 2016a; Faust, 
1997). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18. (a) FEI Quanta 200 ESEM from FEI Corporate and (b) schematic diagram of image 
detection (AMMRF, 2016a). 
 
In this study, the SEM analysis was conducted on the FEI Quanta 200 ESEM using 
electron beams accelerated to an average 30 kV, pressure of the chamber kept constant at 0.6 
Torr and the measuring spot size of five. Each sample was analysed at the average working 
distance of 10 mm and 3000 times magnification. Upon loading the samples were freeze-dried 
and placed on 12.6 mm aluminium pins and gold coated.  
2.2.5. Confocal scanning laser microscopy (CSLM) 
Confocal microscopy combines advancements in optical microscopy, with an electronic 
system that allows stable laser and wavelength detection of fluorescence materials. This routine 
technique has improved the capacity of conventional microscopes by eliminating or reducing an 
(b) (a) 
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unnecessary focal plane and employing a stacking system that allows the production of 3D 
images (Claxton, Fellers, and Davidson, 2006). As an extension of fluorescence microscope, the 
confocal microscope adapts the principles in fluorescence analysis which has been discussed in 
part 2.2.3.3 of the fluorescence spectroscopy.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.19. (a) CLSM Nikon Eclipse Ti from Nikon Instruments and (b) schematic diagram of 
confocal microscope (AMMRF, 2016b). 
 
Figure 2.19b shows a schematic diagram demonstrating image formation in a confocal 
microscope. The optical fibre creates which enter the microscope and are deflected by a dichroic 
mirror and scan mirrors. The scanning mirrors move to scan the surface of the samples. As laser 
beams excite fluorescent dyes in the sample, they send back fluorescent emission light through 
the pinhole and a second dichroic mirror. The light is then collected by photomultiplier tubes 
(PMT) which contain a photosensitive surface that allows capturing, conversion, and 
amplification of photons to electronic signals. This permits the screening of wavelengths to the 
analysis of interest (Semwogerere & Weeks, 2005).  
The confocal technique was used in Chapter 6 of this study. Images were taken using a 
confocal laser scanning microscope (CLSM Nikon Eclipse Ti, Tokyo, Japan). About 30 μL of 
the dye was added to the samples. An argon laser was used to detect the fatty acid fraction at 
(b) (a) 
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excitation and emission wavelengths of 488 and 500-550 nm, respectively. The technique was 
used to elucidate the distribution of fatty acids in a composite matrix of whey protein and 
glucose syrup. This method has chosen due to the rubbery properties of matrices with a high 
amount of glucose syrup. Under the intense electron beam and vacuum conditions of the SEM 
technique, the integrity of the matrices was easily disrupted thus jeopardising the expected 
results. A comparison of the properties of the three microscopic imaging systems is given in 
Table 2.15.  Details of all machines and instruments used in this study are summarised in Table 
2.16.  
 
Table 2.16. Analytical instruments and equipment. 
 
Instruments  Product name Manufacturer 
Rheometer  ARG-2 TA Instruments (New Castle, 
DE) 
Modulated differential 
scanning calorimeter 
MDSC Q2000 TA Instruments (New Castle, 
DE) 
Atomic Absorption 
Spectrophotometer 
AA280 FS Varian Inc., Palo Alto, USA 
Fourier Transform Infrared 
Spectrometer 
FTIR Spectrum 100 Perkin Elmer (Norwalk, CT, 
USA) 
Fourier Transform Infrared 
Spectrometer-Imaging ATR- 
FTIR Microscopy 
Spotlight 400 FT-IR Imaging 
System 
Perkin Elmer (Norwalk, CT, 
USA) 
Wide Angle X-Ray 
Diffractometer 
Bruker D4 Endeavour  Bruker AXS GmbH 
(Karlsruhe, Germany). 
UV/Vis Spectrophotometer LAMBDA™ 35 Series 
UV/Vis Spectrophotometer 
Perkin Elmer (Norwalk, CT, 
USA) 
Fluorescence 
Spectrophotometer 
Fluoromax-4  Jobin Yvon Technology 
(Horiba Scientific, Edison 
NJ) 
Scanning Electron 
Microscope  
FEI Quanta 200 ESEM FEI Corporate  
(Hillsboro, Oregon, USA) 
SPI Gold Sputter Coater SPI- Module TM Sputter Imbros Pty.Ltd. (Hobart, 
Australia) 
Confocal laser scanning 
microscope 
CLSM Nikon Eclipse Ti Nikon Instruments (Tokyo, 
Japan) 
Rotavapor Buchi Rotavapor R-200 BÜCHI Labortechnik AG 
(Switzerland) redistributed 
by Medos Company Pty. Ltd. 
(Melbourne, Australia) 
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Table 2.16. Analytical instruments and equipment (continued) 
 
Instruments Product name Manufacturer 
Milli-Q® Ultrapure Water 
System 
Milli-Q® Reference Merck Millipore 
(Kilsyth, VIC, Australia) 
Magnetic stirrer with heating Heidolph MR Hei-Tec  Scitek Australia Pty Ltd 
(Lane Cove, NSW, Australia) 
Analytical Balance AND GR-202 A&D Company Limited 
(Melbourne, Australia) 
Air blast freezer Batehilt Barker & Taylor Pty. Ltd. 
(Canterbury, Australia) 
Freeze dryer  FDB 5503  Operon (Gimpo City, South 
Korea)  
Laboratory Freezer TF-181-SP Spark Proof 
Freezer  
Thermoline Scientific, 
(Wetherill Park, NSW, 
Australia) 
Fridge Freeze  ARB Fridge Freezer 50 QT 
 
ARB Corporation Ltd. 
(Kilsyth, VIC, Australia) 
Refrigerator Pearl Star PS3 Williams Refrigeration 
(Dandenong South 
VIC, Australia) 
pH meter LabCHEM-pH TPS Australia (Brendale, 
QLD, Australia) 
Furnace SNE04995 Muffle furnace Techtrader Pty Ltd 
(Artarmon, NSW, Australia) 
Digital Probe Thermometer  Pocket Temp PRO HLP Controls (South 
Windsor, NSW, Australia) 
Refractometer ABBE Erma Inc. (Tokyo, Japan)  
Digital Shaking Waterbath SWB20D Ratek Instruments Pty Ltd 
(Boronia, VIC, Australia) 
Homogenizer IKA®T25 digital ULTRA-
TURRAX 
Ika-Werke, Staufen, 
Germany (Germany) 
 
 
 
 
 
 
 
95 
 
References 
AMMRF (2016a). Scanning electron microscope training module. Australia Microscopy and 
Microanalysis Research Facility (AMMRF), Australia. Retrieved August 17, 2016, from 
http://www.ammrf.org.au/myscope/sem/practice/principles. 
AMMRF (2016b). Confocal scanning laser microscope training module. Australia Microscopy 
and Microanalysis Research Facility (AMMRF), Australia. Retrieved August 17, 2016, 
from http://www.ammrf.org.au/myscope/confocal/confocal. 
Axelos, M. A. V. & Thibault, J. F. (1991). The chemistry of low-methoxyl pectin gelation In R. 
H. Walter (Ed.).  The chemistry and technology of pectin (pp.109-118). New York: 
Academic Press. 
Baeza, R. I., Carp, D. J., Pérez, O. E., & Pilosof, A. M. R. (2002).  κ-carrageenan-protein 
interactions: effect of proteins on polysaccharide gelling and textural properties. LWT - 
Food Science and Technology, 35(8), 741-747. 
Bansal, N., & Bhandari, B. (2016). Functional milk protein: production and utilization-whey-
based ingredients in P. L. H. McSweeney & J. A. O’Mahony (Eds.). Advanced Dairy 
Chemistry. Vol 1B: Protein Applied Aspects (4th Ed.) (p. 67-98). Springer: New York. 
Barbeyron, T., Michel, G., Potin, P., Henrissat, B., & Kloareg, B. (2000). ι-Carrageenases 
constitute a novel family of glycoside hydrolases, unrelated to that of κ-
carrageenases. Journal of Biological Chemistry, 275(45), 35499-35505. 
Beaty, R. D. & Kerber, J. D.(1993). Concepts, Instrumentation and Techniques in Atomic 
Absorption Spectrophotometry. Norwalk, Connecticut: The Perkin-Elmer Corporation. 
BeMiller, J. N. (1986). An introduction to pectins: structure and properties. In M. L. Fishman & 
J. J. Jen (Eds.). Chemistry and Function of Pectins (pp.2-12). ACS Symposium series 310. 
Washington: American Chemical Society.  
BeMiller, J. N. & Huber, K.C. (2008). Carbohydrates. In S. Damodaran, K. Parkin, & O.R. 
Fennema (Eds.). Fennema's food chemistry (pp. 84-151). (4th ed.). Boca Raton: CRC 
Press/Taylor & Francis. 
Biliaderis, C. G. (1983). Differential scanning calorimetry in food research—a review. Food 
Chemistry, 10(4), 239-265. 
96 
 
Bruker (2010). D4 Endeavour . Bruker AXS GmbH, Karlsruhe, Germany. Retrieved August 18, 
2016, from https://www.bruker.com/fileadmin/user_upload/8-PDF-Docs/X-
rayDiffraction_ElementalAnalysis/XRD/Brochures/D4_Broschuere_DOC-B88-
EXS006_V2_2010_low.pdf 
Brunner, E.(2006). Oily fish and omega 3 fat supplements. British Medical Journal, 332, 739-
740. 
Bryant, C. M. & McClements, D. J. (1998). Molecular basis of protein functionality with special 
consideration of cold-set gels derived from heat-denatured whey. Trends in Food Science 
& Technology, 9(4), 143-151.  
Burdock, G. A. & Flamm, W. G. (1999). A review of the studies of the safety of polydextrose in 
food. Food and Chemical Toxicology, 37(2), 233-264. 
Clark, A.H. (1994).  X-Ray scattering and diffraction. In S.B. Ross-Murphy (Ed.). Physical 
Techniques for the Study of Food Biopolymers (pp.65-143). Ireland: Springer Science 
+Business Media, LLC. 
Claxton, N. S., Fellers, T. J., & Davidson, M. W. (2006). Laser scanning confocal 
microscopy.  Department of Optical Microscopy and Digital Imaging, Florida State 
University, Tallahassee. Retrieved August 18, 2016, from http://www. olympusconfocal. 
com /theory/LSCMIntro. pdf. 
Coates, J. (2006). Interpretation of infrared spectra: a practical approach. Encyclopedia of 
Analytical Chemistry. Wiley Online Library. Retrieved from  http://onlinelibrary.wiley. 
com.ezproxy.lib.rmit.edu.au/doi/10.1002/9780470027318.a5606/full. 
Craig, S. A., Holden, J. F., & Khaled, M. Y. (2000). Determination of polydextrose as dietary 
fiber in foods. Journal of AOAC International, 83(4), 1006-1012. 
de Wit, J. N. (1990). Thermal stability and functionality of whey proteins. Journal of Dairy 
Science, 73, 3602-3612.  
Evageliou, V., Kasapis, S., & Hember, M. W. (1998). Vitrification of κ-carrageenan in the 
presence of high levels of glucose syrup. Polymer, 39(17), 3909-3917. 
Farkye, N. Y. & Shah, N. (2015). Milk Proteins in Z. Ustunol. Applied Food Protein Chemistry 
(pp.427-458), Chichester, UK : John Wiley & Sons, Ltd. 
Farrell , H. M. Jr. , Jimenez-Flores , R. , Bleck , G. T. , Brown , E. M. , Butler , J. E., Creamer, L. 
K. , Hicks , C. L. , Hollar , C. M. , Ng-Kwai-Hang , K. F. and Swaisgood, H. E. ( 2004 ). 
97 
 
Nomenclature of the proteins of cows’ milk – sixth revision . Journal of Dairy Science, 87, 
1641 – 74 . 
Faust, B. (1997). Modern chemical techniques: an essential reference for students and teachers. 
Cambridge, UK: Royal Society of Chemistry.  
Figdor, S. K., & Rennhard, H. H. (1981). Caloric utilization and disposition of [14C] 
polydextrose in the rat. Journal of Agricultural and Food Chemistry, 29(6), 1181-1189. 
Flood, M. T., Auerbach, M. H., & Craig, S. A. S. (2004). A review of the clinical toleration 
studies of polydextrose in food. Food and Chemical Toxicology, 42(9), 1531-1542. 
Foegeding, E. A., & Davis, J. P. (2011). Food protein functionality: a comprehensive approach. 
Food Hydrocolloids, 25(8), 1853-1864. 
Fox, P.F. , Uniacke- Lowe, T. , McSweeney,  P. L. H., & O’Mahony J. A. (2016).  Dairy 
chemistry and biochemistry (2nd Ed.). Switzerland: Springer. 
Fox, P.F. , Guinee, T.P. , Cogan, T.M.C. , & McSweeney, P.L.H. (2017).  Fundamentals of 
cheese science (2nd Ed.). New York: Springer.  
Frings, C. S., Fendley, T. W., Dunn, R. T., & Queen, C. A. (1972). Improved determination of 
total serum lipids by the sulfo-phospho-vanillin reaction. Clinical Chemistry, 18(7), 673-
674. 
Fultz, B. & Howe, J. (2013). Transmission Electron Microscopy and Diffractometry of 
Materials. Berlin: Springer-Verlag.  
Gill, P., Moghadam, T. T., & Ranjbar, B. (2010). Differential scanning calorimetry techniques: 
applications in biology and nanoscience. Journal of Biomolecular Techniques, 21(4), 167-
193. 
Goodnight, S. H., Harris, W. S., Connor, W. E., & Illingworth, D. R. (1982). Polyunsaturated 
fatty acids, hyperlipidemia, and thrombosis. Arteriosclerosis, Thrombosis, and Vascular 
Biology, 2(2), 87-113. 
Gunasekaran, S., & Ak, M.M. (2000). Dynamic oscillatory shear testing of foods -selected 
applications. Trends in Food Science & Technology, 11(3), 115-127. 
Haque, M. A., Aldred, P., Chen, J., Barrow, C.J.,& Adhikari, B. (2013). Comparative study of 
denaturation of whey protein isolate (WPI) in convective air drying and isothermal heat 
treatment processes. Food Chemistry, 141, 702–711. 
98 
 
Hermansson, A. M. (1994) Microstructure of protein gels related to functionality. In R. Y. Yada,  
R. L. Jackman, & J. L. Smith. Protein structure-function relationships in foods (pp.22-41). 
London: Blackie Academic & Professional. 
Hoerr, C. W., & Harwood, H. J. (1952). The solubilities of oleic and linoeic acids in common 
organic solvents. The Journal of Physical Chemistry, 56(9), 1068-1073. 
Horiba scientific (2016). How to select a spectrofluorometer. Japan: Horiba scientific.  
Hull, P. (2010). Glucose Syrups: Technology and Applications. Wiley Online Library. Retrieved 
from http://onlinelibrary.wiley.com.ezproxy.lib.rmit.edu.au/book/10.1002/9781444314748. 
Jerome, W.G. (2011). The theory of fluorescence. In R.L. Price & W.G. Jerome (Eds.). Basic 
Confocal Microscopy (pp. 17-28). New York: Springer Science+Business Media, LLC. 
Jost, R. (1993). Functional characteristics of dairy proteins. Trends in Food Science & 
Technology, 4, 283-288. 
Kazarian, S. G., & Chan, K. A. (2006). Sampling approaches in Fourier transform infrared 
imaging applied to polymers. In K. Grundke, M. Stamm, H-J. Adler (Eds.). 
Characterization of Polymer Surfaces and Thin Films (pp. 1-6). Berlin: Springer.  
Kazarian, S. G., & Chan, K. A. (2013). ATR-FTIR spectroscopic imaging: recent advances and 
applications to biological systems. Analyst, 138(7), 1940-1951.. 
Kester, J. J. & Richardson, T. (1984). Modification of whey proteins to improve functionality. 
Journal of Dairy Science, 67, 2757-2774.  
Kilara A., & Vaghela, M.N. (2004). Whey proteins. In: R.Y. Yada (ed.). Proteins in food 
processing (pp 72–99). Cambridge: Woodhead Publishing.  
Knight, J. A., Anderson, S., & Rawle, J. M. (1972). Chemical basis of the sulfo-phospho-vanillin 
reaction for estimating total serum lipids. Clinical Chemistry, 18(3), 199-202. 
Korhonen, H. & Pihlanto, A. . (2007). Technological options for the production of health-
promoting proteins and peptides derived from milk and colostrum. Current 
Pharmaceutical Design, 13( 8),  829-843. 
Lamba, D. (2016).  Wide-Angle X-Ray Diffraction (WAXD). In E. Drioli & L. Giorno (Eds.), 
Encyclopedia of Membranes (pp. 2039-2039). Berlin: Springer. 
Lopes da Silva, J. A. & Rao, M. A. (2007). Rheological behavior of food gels. In M.A. Rao 
(Ed.). Rheology of fluid and semisolid foods (pp.339-388).  New York: Springer 
Science+Business Media, LLC. 
99 
 
Lucey, J. A. (2002). Formation and physical properties of milk protein gels. Journal of Dairy 
Science, 85(2), 281-294. 
Luddy, F. E. (1979). Physical properties of fatty acids. Journal of the American Oil Chemists’ 
Society, 56(11), 759A-759A. 
Lu, Y., Ludsin, S. A., Fanslow, D. L., & Pothoven, S. A. (2008). Comparison of three 
microquantity techniques for measuring total lipids in fish. Canadian Journal of Fisheries 
and Aquatic Sciences, 65(10), 2233-2241. 
Meyer, B. J., Mann, N. J., Lewis, J. L., Milligan, G. C., Sinclair, A. J., & Howe, P. R. (2003). 
Dietary intakes and food sources of omega-6 and omega-3 polyunsaturated fatty acids. 
Lipids, 38(4), 391-398. 
Miller, D. D., & Rutzke, M. A. (2010). Atomic Absorption Spectroscopy, Atomic Emission 
Spectroscopy, and Inductively Coupled Plasma-Mass Spectrometry in S.S.  Nielsen (Ed.). 
Food Analysis (pp. 421-442). Boston, MA: Springer. 
Moffett, J. H. (1995). Determination of magnesium, calcium and potassium in brines by flame 
AAS using the SIPS-10 accessory for automated calibration and on-line sample dilution. 
Santa Clara, CA: Agilent Technologies, Inc. 
Morris, G. A., Foster, T. J., & Harding, S. E. (2000). The effect of the degree of esterification on 
the hydrodynamic properties of citrus pectin. Food Hydrocolloids, 14(3), 227-235. 
Moro, A., Gatti, C., & Delorenzi, N. (2001). Hydrophobicity of whey protein concentrates 
measured by fluorescence quenching and its relation with surface functional properties. 
Journal of Agricultural and Food Chemistry, 49, 4784-4789. 
Nakai, S & Modler, W. (1996). Food Proteins: Properties and Characterization. Toronto: Wiley-
VCH. 
National Centre for Earth Observation. (2016). Electromagnetic Spectrum. Retrieved October 14, 
2016 from http://www.sat.dundee.ac.uk/spectrum.html.  
Nawrocka, A. & Lamorska, J.  (2013). 14-Determination of food quality by using spectroscopic 
methods in  advances in agrophysical research. In S. Grundas and A. Stepniewski, (Eds.), 
Advances in agrophysical research. InTech, DOI: 10.5772/52722. Retrieved from: 
http://www.intechopen.com/books/advances-in-agrophysical-research/determination-of-
food-quality-by-using-spectroscopic-methods. 
100 
 
Necas, J. & Bartosikova, L. (2013). Carrageenan: a review. Veterinarni Medicina, 58(4), 187-
205. 
Nishinari, K. & Takahashi, R. (2003). Interaction in polysaccharide solutions and gels. Current 
Opinion in Colloid & Interface Science, 8(4), 396-400. 
Olsen, H.S. (1995) Enzymatic production of glucose syrups. In M.W. Kearsley & S.Z. 
Dziedzic (Eds.). Handbook of starch hydrolysis products and their derivatives (pp.26-
64). Dordrecht: Springer Science+Business Media, LLC. 
O’Mahony, J.A & Fox, P.F. (2013) Milk Proteins: Introduction and Historical Aspects in P.L.H. 
McSweeney & P.F. Fox (Eds.).  Advanced Dairy Chemistry Vol 1A: Protein Basic Aspect 
(4th Ed.) (p. 43-86). New York: Springer.  
Owen, T. (2000). Fundamentals of modern UV-visible spectroscopy. Germany: Agilent 
Technology. 
Parniakov, O., Bals, O., Barba, F. J., Mykhailyk, V., Lebovka, N., & Vorobiev, E. (2016). 
Application of differential scanning calorimetry to estimate quality and nutritional 
properties of food products. Critical Reviews in Food Science and Nutrition, (just-
accepted), 00-00. 
Penner, M. H.(2010a). Basic Principles of Spectroscopy. In S.S.  Nielsen (Ed.). Food Analysis 
(pp. 375-386). New York: Springer Science+Business Media, LLC. 
Penner, M. H.(2010b). Ultraviolet, Visible and Fluorescence Spectroscopy. In S.S. Nielsen (Ed.). 
Food Analysis (pp. 389-406). New York: Springer Science+Business Media, LLC. 
Poppe, L.J., Paskevich, V.F., Hathaway, J.C. & Blackwood, D.S.(2001). A Laboratory Manual 
for X-Ray Powder Diffraction. Woods Hole, Massachusetts: U.S. Department of the 
Interior, U.S. Geological Survey. 
Perkin Elmer. (2013). FT-IR IMAGING Spotlight™ 400 FT-IR and 400N FT-NIR Imaging 
Systems.  Waltham, Massachusetts: PerkinElmer, Inc.  
Richardson, R. K., & Kasapis, S. (1998). Rheological methods in the characterisation of food 
biopolymers. Developments in Food Science, 39, 1-48. 
Rodriguez-Saona, L.E. & Allendorf M.E.(2011). Use of FTIR for rapid authentication and 
detection of adulteration of food. Annual Review of Food Science and Technology. 2, 467–
483. 
101 
 
Rao, M. A. (2014). Rheology of Fluid, Semisolid, and Solid Foods. New York: Springer 
Science+Business Media, LLC. 
Roos, Y. (1995). Characterization of food polymers using state diagrams. Journal of Food 
Engineering, 24(3), 339-360. 
Rustan, A. C., & Drevon, C. A. (2005). Fatty acids: structures and properties. Encyclopaedia of 
Life Science (eLS). 1-7.  
Sato, K. (2001). Crystallization behaviour of fats and lipids—a review. Chemical Engineering 
Science, 56(7), 2255-2265. 
Schrooyen, P. M. M., Van Der Meer, R., & De Kruif, C. G. (2001). Microencapsulation: its 
application in nutrition. Proceedings of the Nutrition Society, 60, 475-479. 
Semwogerere, D. & Weeks, E.R. (2005). Confocal microscopy. In  G. E. Wnek & G. L. Bowlin. 
Encyclopedia of Biomaterials and Biomedical Engineering. CRCnetBASE. Retrieved from 
http://www.crcnetbase.com/doi/book/10.1081/E-EBBE2. 
Shen, Z. & Wijesundera, C. 2009. Effects of Decosahexaenoic  Acid Positional Distribution on 
the Oxidative Stability of Model Triacylglycerol in Water Emulsion. Journal of Food 
Lipids, 16, 62-71. 
Sperling, L. H. (2006). Introduction to physical polymer science. (4th Ed.) New Jersey: John 
Wiley & Sons, Inc. 
Sriamornsak, P. (2003). Chemistry of pectin and its pharmaceutical uses: A review. Silpakorn 
University International Journal, 3(1-2), 206-228. 
Steffe, J. F. (1996). Rheological methods in food process engineering: Michigan, USA: Freeman 
press. 
Stowell, J. D. (2009). Prebiotic potential of polydextrose. In D. Charalampopoulos & R. A. 
Rastall (Eds.).  Prebiotics and probiotics science and technology (pp. 337-352). New 
York: Springer. 
Sundar Raj, A. A., Rubila, S., Jayabalan, R. & Ranganathan T.V. (2012) A review on pectin: 
chemistry due to general properties of pectin and its pharmaceutical uses. 1:550.  
doi:10.4172/scientificreports.550. 
Tabilo-Munizaga, G., & Barbosa-Cánovas, G. V. (2005). Rheology for the food 
industry. Journal of Food Engineering, 67(1), 147-156. 
102 
 
TA Instruments (2009a). AR Rheometer temperature systems and accessories. Melbourne, 
Australia:  TA Instruments.  
TA Instruments (2009b). Differential Scanning Calorimetry: basic theory and applications 
training. Melbourne, Australia:  TA Instruments.  
TA instruments. (2010). ARG-2, AR 2000 ex, AR 1500ex Rheometers: Operator’s manual. 
New Castle, DE, Australia: TA Instruments.  
Thakur, B. R., Singh, R. K., Handa, A. K., & Rao, M. A. (1997). Chemistry and uses of pectin—
a review. Critical Reviews in Food Science & Nutrition,37(1), 47-73. 
Thomas, L.C. & Schmidt, S.J. (2010). Thermal analysis. In S.S. Nielsen (Ed.). Food Analysis 
(pp. 557-571). New York: Springer Science+Business Media, LLC. 
Tiihonen, K. K., Röytiö, H., Putaala, H., & Ouwehand, A. C. (2011). Polydextrose functional 
fibre. Nutrafoods, 10(2-3), 23-28. 
Tobacman J.K. (2001): Review of harmful gastrointestinal effects of carrageenan in animal 
experiments. Environmental Health Perspectives 109, 983–994. 
U.S. Code of Federal Regulations (CFR). (2015a). Whey. Title 21-food and drugs, Part 184 
Direct food substances affirmed as generally recognized as safe,  Subpart § 184.1979. 
Silver spring, USA: U.S. food and drug administration.  
U.S. Code of Federal Regulations (CFR). (2015b). Polydextrose. Title 21-food and drugs part 
172 – Food additives permitted for direct addition to food for human consumption,  Subpart 
§ 172.841. Silver spring, USA: U.S. food and drug administration.  
Van de Velde, F., Lourenco, N.D., Pinheiro, H.M., & Bakkerd, M. (2002). Carrageenan: a food-
grade and biocompatible support for immobilisation techniques. Advanced Synthesis and 
Catalysis 344, 815–83 
Vardhanabhuti, B., Foegeding, E. A., McGuffey, M. K., Daubert, C. R., & Swaisgood, H. E. 
(2001). Gelation properties of dispersions containing polymerized and native whey protein 
isolate. Food Hydrocolloids, 15(2), 165-175. 
Wanasundara, U. N., Wanasundara, J. & Shahidi, F. (2002). Omega-3 fatty acid concentrates: a 
review of production technologies. In: C. Alasalvar & T.Taylor (Eds.) Seafoods-Quality, 
Technology and Neutraceutical Applications. Berlin: Springer-Verlag. 
Wehling, R. L. (2010). Infrared Spectroscopy. In S.S. Nielsen (Ed.). Food Analysis (pp. 409-
419). New York: Springer Science+Business Media, LLC. 
103 
 
Willats, W. G., Knox, J. P., & Mikkelsen, J. D. (2006). Pectin: new insights into an old 
polymer are starting to gel. Trends in Food Science & Technology, 17(3), 97-104. 
Winter, H. H., & Chambon, F. (1986). Analysis of linear viscoelasticity of a crosslinking 
polymer at the gel point. Journal of Rheology (1978-present), 30(2), 367-382. 
Yoo, S.-H., Fishman, M. L., Savary, B. J., & Hotchkiss, A. T. (2003). Monovalent salt-induced 
gelling system of enzymatically deesterified pectin. Journal of Agricultural and Food 
Chemistry, 51, 7410–7417. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
104 
 
 
 
 
 
 
Chapter 3  
Preservation of oleic acid entrapped in a 
condensed matrix of high-methoxy pectin 
with glucose syrup  
 
 
 
 
105 
 
  
106 
 
 
107 
 
 
108 
 
 
109 
 
 
110 
 
 
111 
 
 
112 
 
 
113 
 
 
114 
 
 
 
 
 
 
Chapter 4 
Release mechanism of omega-3 fatty acid 
in κ-carrageenan/polydextrose system 
undergoing glass transition 
 
 
 
 
 
 
115 
 
 
116 
 
 
117 
 
 
118 
 
 
119 
 
 
120 
 
 
121 
 
 
122 
 
 
123 
 
 
124 
 
 
 
 
 
 
 
 
 
Chapter 5 
The role of structural relaxation in 
governing the mobility of linoleic acid in 
condensed whey protein matrices 
 
 
 
 
 
 
 
 
 
125 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
126 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
127 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
128 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
129 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
130 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
131 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
132 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
133 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
134 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
135 
 
 
 
 
 
 
 
 
 
 
 
Chapter 6 
Effect of co-solute concentration on the 
diffusion of linoleic acid from whey 
protein matrices  
 
 
 
 
 
 
 
 
 
 
 
 
136 
 
ABSTRACT 
Structural relaxation of a delivery vehicle has been identified in the literature as a limiting 
parameter for the controlled diffusion of a bioactive compound. To further examine the kinetics 
of controlled release, this study designed a system of homogeneously dispersed linoleic acid in a 
high-solid whey protein matrix. Amorphous glucose-syrup liquid was added systematically up to 
about 48% (w/w), with the total solids level in the formulation being kept constant at 80% (w/w), 
and experimental observations were obtained over a broad timeframe and temperature range. 
Structural and physicochemical properties of the blend were monitored using dynamic oscillation 
in-shear, WAXD, FTIR and confocal laser scanning microscopy. A specific chromogenic 
reaction with UV-vis spectroscopy was employed to follow the release of linoleic acid under 
perfect sink conditions. Variation in the amount of glucose syrup, as the co-solute, within the 
high-solid whey protein network affected profoundly the values of the mechanical glass transition 
temperature. That was reflected in the kinetics of fatty acid diffusion from the glass transition 
region of our composite materials. Transport phenomena were quantified via the concept of 
effective diffusion coefficient, which increases with higher levels of glucose syrup leading to 
structural relaxation of the delivery vehicle.       
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6.1. INTRODUCTION 
In the last century, a plethora of studies documented that quenching of organic liquids 
may lead to a change in consistency, which is known as a vitreous solid or glass. Hardening 
takes place over a broad temperature range and without a maximum in the variation of heat 
capacity (Vreeswijk, Gossink & Stevels, 1974). Experimental observations led us to understand 
that glass is a supercooled liquid whose thermal conversion is entirely distinct from the 
crystalline state, but in the nature of a second-order thermodynamic transition (Ngai, 2000). It is 
well known from differential scanning calorimetry, for example, that the supercooled 
thermogram of  glycerol is characterised by a step-change in heat capacity with temperature at 
190 K (Sou, Nishikawa, Koga, & Tozaki, 2011). In the case of hydrocolloids, which are quite 
polydisperse, softening of matrices during the process of devitrification occurs over a large 
temperature interval centred on a mean value called the glass transition temperature, Tg (Binder, 
Baschnagel & Paul, 2003). In the glassy state, which is the temperature range below Tg, materials 
exhibit high strength, brittleness and ultimately low molecular mobility that slows down 
dramatically physicochemical and biological processes (Slade and Franks, 2002). 
In view of the nature of this work, it is appropriate to mention concisely the approach 
used extensively by synthetic polymer scientists, with expertise in thermomechanical 
measurements, to acquire a mechanistic understanding of glass transition phenomena. This is 
based on the concept of free volume (vf) referring to the space between packing irregularities of 
macromolecules, which is required for their string-like vibrations (Mansilla et al., 2013). Free 
volume is about thirty percent of the total (free plus occupied) volume in polymer melts, and the 
theory predicts that it collapses to between two and four percent at the glass transition 
temperature depending on the rate of cooling and the density of the polymeric glass (Cangialosi, 
Schut, van Veen, & Picken, 2003). At this point, there is a discontinuity in the linear dependence 
of total volume with temperature leading to a reduction in the value (obtained from the linear 
gradient) of the thermal expansion coefficient, α
f  
(Campbell & Vogt, 2007). 
The free volume theory in the form of the Williams, Landel and Ferry (WLF) equation 
found widespread application not only in synthetic polymers but also in inorganic materials and 
low molecular weight organic liquids (Wang et al., 2003). This has prompted calls for utilisation 
of the equation in hydrocolloids where the process of vitrification might also be governed by free 
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volume, i.e. being independent of chemical features (Dlubek, Fretwell & Alam, 2000). In the 
case of whey protein, which is the subject matter of this investigation (and BSA), it was found 
that high-solid preparations undergo a rubber-to-glass transformation upon cooling following 
thermal denaturation. Values of Tg were pinpointed in the viscoelastic spectrum using the 
combined WLF/free volume approach that were affected considerably by the extent of thermal 
treatment, i.e. the density of intermolecular associations in the protein network (George, Lundin 
& Kasapis, 2014). Introduction of small polyhydroxy compounds, e.g. glucose syrup or lactose, 
to concentrated whey protein systems reduces the glass transition temperature of the polymer due 
to the plasticizing effect of co-solute (Dissanayake et al., 2013). 
Experimentation partnered with theoretical modeling of structural properties has been 
used as a useful avenue of developing technofunctionality for further explorations in biomaterials 
of added value. These include the design of a delivery vehicle for biofunctionality, which is a 
subject of steadily increasing scientific and technical importance in food and nutraceutical 
industries. Future research and development in these materials will deal with the optimisation of 
formulations for novel dosage forms of bioactivity. Within this broad area of high future 
potential, the present communication aims to study the kinetics of diffusional mobility of an 
essential fatty acid, linoleic acid, in relation to the content of plasticizing glucose syrup in a high-
solid matrix of whey protein.  
6.2. MATERIALS AND METHODS 
6.2.1. Materials 
Whey protein isolate: The powder was obtained from Fonterra Co-operative Group Ltd 
(Palmerston North, New Zealand). It contained 90.4% protein (N x 6.38) and 4.7% moisture with 
the minor addition of carbohydrate, fat and minerals at 0.9, 1 and 3%, respectively. As a standard 
whey protein, it is mainly a mixture of β-lactoglobulin (~65%), α-lactalbumin (~25%), bovine 
serum albumin (~8%) and immunoglobulins. It passed microbial tests, with the estimated 
amounts of yeast and mould being less than 10 cfu/g and 10,000 cfu/g, respectively.  Physical 
tests showed a bulk density of 0.34 g/mL for the powder and pH 6.9 of 5% (w/w) solution at 
20oC. 
Glucose syrup: It was purchased in a viscous liquid form at ambient temperature from 
Edlyn Foods Pty Ltd (Melbourne, Australia). The level of solids is 81% (w/w), and 
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concentrations in this investigation refer to dry solids. About forty-five percent glucose residues 
is present as reducing end groups contributing to an overall dextrose equivalent, DE, of 42 for 
the sample. A trace of sodium is detected at about 0.005% (w/w). 
Linoleic acid (cis-9,cis-12-octadecadienoic acid): It was obtained from Sigma Aldrich Co 
(Sydney, Australia). This fatty acid is a high purity product of ≥ 98.5%, as confirmed by GC 
analysis with molecular weight of about 280.45 g/mol and density of 0.902g/mL at 25oC. 
Other reagents: Sulfo-phospho-vanillin (SPV) chemicals, i.e. a mixture of vanillin 
(99.0%), ethyl acetate (≥ 99.0%), phosphoric acid (85.0%), and sulphuric acid (≥ 98.0%) met AR 
standards for use in the chromogenic assay of this work, and were purchased from Sigma Aldrich 
Co (Sydney, Australia). The same supplier also provided Nile red and acetone (≥ 99.5%) for 
lipid staining. 
6.2.2. Sample preparation 
High solid mixtures of whey protein/glucose syrup/linoleic acid were formulated using a 
systematic variation in the ratio of protein to co-solute: 100:0, 80:20, 70:30, 60:40, 40:60 and 
0:100 (w/w) to make up 79% (w/w) total solids plus 1.0% (w/w) linoleic acid. In doing so, Milli-
Q water was added to glucose syrup at ambient temperature and stirred thoroughly on a magnetic 
plate until a clear and homogeneous solution was obtained. An appropriate amount of whey 
protein was included to make up a dispersion of 30% (w/w) solids. That was stirred for 2 hours 
and stored overnight at 4oC to facilitate hydration and removal of air bubbles. Samples were 
collected and stirred for 15 min at ambient temperature before adding 1.0% linoleic acid. 
Tertiary preparations were mixed for another 30 min to enhance homogeneity and subjected to a 
homogenisation step for 3 min at 3,000 rpm with a laboratory homogeniser (Ultra-Turrax T25, 
IKA-Labortechnik, Staufen, Germany). Finally, they were transferred to the evaporation flask of 
a rotary evaporator and concentrated up at 40oC to achieve a level of 80% (w/w) solids.  
6.2.3. Experimental analysis 
6.2.3.1. Rheological measurements 
 These were performed on a controlled strain rheometer (AR-G2 from TA Instruments, 
New Castle, DE) equipped with a magnetic thrust bearing technology. The instrument was 
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connected to 60L liquid nitrogen tank to provide purging nitrogen gas for efficient subzero 
cooling. All samples were loaded onto the parallel plate geometry (10 mm diameter) of a Peltier 
device at 25oC. The measuring gap of the two stainless-steel plates was 1000 μm and silicone oil 
(BDH, 50 cS) was added at the edges to reduce sample moisture loss.  A constant cooling rate of 
1oC/min, strain of 0.01% (within the linear viscoelastic region of the material), normal force at 
0.08 N and oscillatory frequency of 1 rad/s during a temperature ramp from 25 to -55oC were 
carried out to record the storage (G’) and loss (G”) modulus values in-shear. Mechanical spectra 
were also obtained at regular temperature intervals of four degree centigrade within the angular 
frequency range of 0.1 to 100 rad/s. Experimental work includes triplicate runs that yield 
effectively overlapping traces.  
6.2.3.2. Fourier transform infrared spectroscopy 
Spectra were recorded using a Perkin Elmer Spectrum 100 FTIR Spectrometer (Norwalk, 
CT). Condensed samples of 79% whey protein/glucose syrup with 1% linoleic acid at the 
compositions described earlier, and single whey protein or glucose syrup at 80% solids 
(reference systems) were examined. They were placed on the surface of a MIRacleTMZnSe single 
reflection ATR plate, scanned from 4000 to 600 cm-1 with a 4 cm-1 resolution and averaged over 
thirty two scans. Each measurement conducted in this experiment was performed in triplicate. 
6.2.3.3. Wide angle X-ray diffraction 
Freeze-dried tertiary mixtures and single globular protein or co-solute systems at a total 
solid level of 80% were examined for X-ray diffraction with a Bruker D4 Endeavour (Karlsruhe, 
Germany). Diffraction patterns of bulk samples were subjected to an accelerating voltage of 40 
kV and current of 40 mA using a position sensitive detector (PSD) within the 2θ range of 5 to 
90° in measuring intervals of 0.1°. Data were converted using DIFFRACplus Evaluation (Eva), 
version 10.0, revision 1 and each sample was studied in triplicate. 
6.2.3.4. Confocal laser scanning microscopy 
 Distribution of 1% linoleic acid phase in the 79% whey protein/glucose syrup sample at 
ratios of 100:0, 80:20, 70:30, 60:40, 40:60 and 0:100 was elucidated with confocal laser scanning 
microscope (CLSM Nikon Eclipse Ti, Tokyo, Japan). Nile Red was used to dye the fatty acid 
phase by dissolving 5 mg/mL in acetone. About 30 μL of the dye was then added to the single 
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and mixed preparations of whey protein, glucose syrup and linoleic acid solutions, and 
condensation was induced from 30 to 80% total solids. An argon laser was used to detect the 
fatty acid fraction at excitation and emission wavelengths of 488 and 500-550 nm, respectively. 
All confocal images were taken at ambient temperature (~22oC). 
6.2.3.5. Diffusion study 
About 2 grams of the condensed matrix of whey protein/glucose syrup/linoleic acid at 
various compositions and a constant level of solids (80%, w/w) were placed in aluminium-foil 
sealed beakers and equilibrated overnight at a range of temperatures from -30 to 2oC with four 
degree centigrade intervals. Concentrated ethyl acetate (≥ 99.0%) was added gently to the top of 
each preparation to create a concentration gradient between the cylindrical slab of the sample and 
the solvent medium. The first assigned time of solvent addition was marked as the zero time 
diffusion. Aliquots of solvent with diffused fatty acid were withdrawn at various time intervals 
between one and nine hours. Diffused fatty acid in solvent was quantified using a Lambda 35 
UV-vis spectrophotometer (Perkin Elmer, Singapore) at a maximum absorbance of 525 nm. The 
method of analysis follows the sulfo-phospho-vanillin (SPV) assay based on the development of 
a pink adduct that indicates the diffusion of fatty acid from the delivery vehicle under perfect 
sink conditions.  
The chromogenic assay was carried out by heating 200 µL of aliquot at 100oC for 20 
min in a boiling waterbath leading to solvent evaporation. 250 µL of concentrated sulphuric acid 
(99%) was added to the remaining residues of fatty acid in the test tube and heating continued in 
the waterbath at 100oC for another 10 min. SPV reagent was made by mixing 3 g of vanillin 
(99.0%), 0.5 g of deionized water and 2 L of concentrated phosphoric acid (85%). Five mL of 
this reagent was added to the fatty acid-sulphuric acid solution and incubated for 30 min at 
ambient temperature. Intensity of colour formation was scanned using UV-vis 
spectrophotometry. Blank sample comprised ethyl acetate and served for baseline subtraction 
from the experimental results. Standards were made by diluting a known concentration of 
linoleic acid in ethyl acetate to make up 0.0005 to 1.0% (w/w) solutions. Release profiles were 
calculated from the standard curve from 0 to 1.6 AU following the Beer-Lambert law. All 
experiments were carried out in three replicates and average values with a small standard 
deviation are reported. 
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6.2.3.6. Statistical analysis 
 It was carried out using a two-way analysis of variance (ANOVA) where statistical 
differences of mean linoleic-acid release over time and temperature were evaluated by Tukey’s 
post-hoc analysis. Statistical pack utilized IBM SPSS Statistics version 21 (2012) by IBM 
Australia Limited, NSW. The level of statistical significance was set at P<0.05 and standard 
deviations were calculated for all experiments.  
 
6.3. RESULTS AND DISCUSSION 
6.3.1. Viscoelastic properties of high-solid whey protein/glucose syrup/linoleic acid 
mixtures 
Work in the literature has dealt with the effect of glucose syrup addition between 5 and 
50% (w/w) to 15% whey protein in order to formulate low and intermediate-solid systems 
(George, Lundin & Kasapis, 2013). These were heated up to 85°C to denature the globular 
protein yielding cohesive gel-like structures. The firmness of thermally induced networks was 
considerably reinforced with increasing additions of co-solute in the mixture. The intensity of 
thermal treatment exposed nonpolar amino acids from the interior of the proteinaceous globule to 
facilitate formation of intermolecular interactions leading to molecular aggregation (Mulvihill & 
Donovan, 1987). It was also stated that the presence of small polyhydroxyl compounds enhances 
the protein-protein interactions, hence further adding to the strength of these gels (Kulmyrzaev, 
Bryant & McClements, 2000). 
The present work is interested in the viscoelastic properties of whey protein/glucose 
syrup systems that remain in the native conformation in the absence of thermal treatment. High 
solid preparations, e.g. 80% (w/w) in this case, should allow data monitoring at subzero 
temperatures due to the prevention of ice formation. Condensed systems possess high density to 
also entrap the essential fatty acid of this investigation, linoleic acid. Figure 6.1 illustrates the 
temperature profiles of storage and loss modulus obtained with controlled cooling (1°C/min) 
from ambient to subzero temperatures for 80% (w/w) whey protein (100:0). Cohesive networks 
are formed at ambient temperatures and a monotonic increase in viscoelasticity is recorded with 
subsequent cooling to -50°C. Throughout the experimental range, the elastic modulus dominates 
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at the chosen frequency of oscillation (1 rad/s), with the tan δ values being 0.26 at 20°C (Table 
6.1). 
 
Table 6.1. Parameters characterizing the structural properties and diffusional mobility of whey 
protein/glucose syrup/linoleic acid mixtures at 80% total level of solids. 
Composition of 
whey protein / 
glucose syrup 
100:0 80:20 70:30 60:40 40:60 0:100 
To (°C) -14 -14 -18 -22 -34 -38 
C1 10.4 11.8 11.4 10.8 10.6 10.6 
C2(deg) 52 54 54 54 51 51 
Tg (°C) -16 -18 -22 -26 -35 -39 
C1g 10.8 12.8 12.4 11.7 10.8 10.8 
C2g (deg) 50 50 50 50 50 50 
fg 0.040 0.034 0.035 0.037 0.040 0.040 
αf  (deg-1 x 10-4) 8.0 6.8 7.0 7.4 8.0 8.0 
Tan δ at 20°C 0.26 0.39 0.85 1.77 4.49 5.9 
Ea,M (kJ/mol) 335 296 275 230 206 193 
Ea,LA (kJ/mol) 55 52 49 46 42 41 
Deff  x 10-10  
at -16°C 
1.63 1.70 1.86 2.04 2.31 2.50 
C1o, C2o and C1g, C2g are the WLF parameters at To and Tg, respectively; fg is the fractional free volume at 
Tg; αf  is the thermal expansion coefficient; Ea,M and Ea,LA are the activation energies of matrix and fatty 
acid, respectively; tan δ is the ratio of loss modulus to storage modulus; Deff, is the effective diffusion 
coefficient of fatty acid. 
The ultimate purpose of this investigation was to monitor and rationalise the effect of 
glucose syrup addition on the kinetics of linoleic acid release from the whey protein matrix. 
Thus, a range of polymer/co-solute compositions have been prepared and Figure 6.1 depicts the 
viscoelasticity of the mixture with the highest amount of glucose syrup (40:60) keeping always 
the total concentration of the tertiary blend fixed at 80% (w/w). There is a considerable decrease 
in the values of storage modulus at ambient temperature due to the plasticising effect of the co-
solute. Moreover, there is a reversal in the viscoelastic response, with the tan δ values at ambient 
temperature being higher than one (4.49) in Table 6.1, signifying liquid-like behaviour. 
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 Figure 6.1. Cooling profiles of storage modulus (G’, closed symbols) and loss modulus (G”, 
open symbols) of 79% whey protein/glucose syrup systems at the ratio (w/w) of 100:0 (, ), 
40:60 (, ) and 0:100 (, ), respectively, plus 1% linoleic acid scanned at 1oC/min, strain 
0.01% and frequency 1 rad/s. 
 
Subsequent cooling sees a relatively sharp augmentation in the values of shear modulus, 
which is accompanied by a gradual inversion in the viscoelastic signal in Figure 6.1. At the 
lower end of the experimental routine (-55°C), the values of G' predominate at about 109.5 Pa and 
tan δ falls below one. Similar viscoelastic behaviour is recorded for single glucose syrup 
preparations at 80% solids (0:100), with tan δ values being the highest at 20°C (5.9 in Table 
6.1), but turning to a dominant elastic response at the low temperature end. This rather broad 
pattern of structural development is reminiscent of a glass dispersion, as stipulated in the master 
curve of viscoelasticity for amorphous synthetic polymers (Angell, 2002). In the present case, 
certain parts of the master curve have been captured during cooling, i.e. from the melt through 
the glass transition to the glassy state. Typically, glass dispersions can be resolved in a 
temperature function (shown presently) and a time function (Huang, Szleifer & Peppas, 2002). 
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Figure 6.2. Frequency variation of (a) G’ and (b) G” of 79% whey protein/glucose syrup 
systems at the ratio (w/w) of 40:60 plus 1% linoleic acid taken at -10 (), -14 (), -18 (),    -22 
(), -26 (-), -30 (X), -34 (), -38 (), -42 (), -46 (), -50 () and -54°C (), and strain 
0.01%.  
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To confirm the veracity of this type of thinking, we implemented the protocol of the time-
temperature superposition principle (TTS in Tsui et al., 2006). In doing so, a series of frequency 
sweeps from 0.1 to 100 rad/s were taken at intervals of four-degree centigrade covering a wide 
temperature range. This is illustrated in Figures 6.2a and b for the storage and loss modulus of a 
whey protein/glucose syrup sample (40:60) spanning a temperature range of -10 to -54°C. 
Mechanical spectra were then transposed horizontally along the log frequency axis to produce a 
viscoelastic continuum at a reference temperature, To (Table 6.1). The high-modulus part of the 
master curve of viscoelasticity is hence obtained for single and mixed whey protein/linoleic acid 
samples in Figure 6.3a. Data reduction argues for the absence of a phase transition thus allowing 
successful superposition of both storage and loss modulus traces over seventeen decades of 
oscillatory frequency. Results of small-deformation modulus reproduce the frequency (or time) 
analogue of the temperature induced master curve discussed in Figure 6.1 for these materials. 
This change in state demonstrated with the method of reduced variables generates a set of 
values for the shift factor, aT, which is a fundamental concept in the theory of linear 
viscoelasticity for glassy matrices (Kilburn et al., 2005). These have been plotted in Figure 6.3b 
as a function of experimental temperature covering a range of sixty degrees centigrade. As 
mentioned in the Introduction, the approach used extensively by scientists to interpret 
rheological data from amorphous synthetic polymers is that of the molecular free volume (Peleg, 
1992). Eventually, it led to the generation of the WLF equation, which for shear modulus data in 
dynamic oscillation is recast in the following form (Ferry, 1991):   
 
  
                         
where, the fractional free volume, fo, is the ratio of free to total volume of the molecule (fg at Tg), 
αf is the thermal expansion coefficient and B is usually set to one. The results in Figure 6.1 
support the postulate from equation (6.1) for a rapid and linear development of the fractional free 
volume with increasing temperature within the glass transition region of the polymeric matrix. 
This is reflected in the aforementioned expansion coefficient that relates to the WLF parameters 
C1o  and C2o , i.e. B/2.303fo and fo/αf  , respectively (Table 6.1). 
 
(6.1) log  = log +()+(  = −
( 2.303	⁄ )( −  ) 	 	⁄ ! + ( −  )  
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It appears that the WLF equation provides a good fit of the empirically derived shift factors 
at the high temperature end of the data in Figure 6.3a, and this progress in factor aT determines 
how much the frequency scale shifts with temperature. The free volume approach, however, is 
unable to follow progress in viscoelasticity at the low temperature range, which is better 
described by the modified Arrhenius equation (Gunning, Parker & Ring, 2000):  
 
 
   
This yields the concept of activation energy (Ea) for an elementary flow process, which is 
independent of temperature, and the logarithmic form of the exponential function of aT in 
relation to the reciprocal absolute temperature can be used to provide numerical estimates. The 
observed intersection of the free-volume driven mechanism with the predictions of the reaction 
rate theory acquires physical significance as the threshold of two distinct molecular processes 
(Kasapis & Mitchell, 2001). It is considered to be the mechanical or network glass transition 
temperature of the polymer matrix and its estimates for all samples of this investigation are given 
in Table 6.1.  
6.3.2. Micromolecular and microscopy evidence in support of the phase 
morphology in whey protein/glucose syrup/linoleic acid systems 
Work in the preceding section discussed the thermal behaviour of three dimensional 
structures in our systems. In this part of the study, we focus on micromolecular aspects, which in 
combination with microscopy images compliment results from mechanical measurements. 
Vibrations of the functional groups of native whey protein in dilute aqueous systems were 
elucidated by the absorption of radiation in the regions of 1650 to 1460 cm-1 for Amide I and 
Amide II bands, and 1400-1200 cm-1 for the Amide III band (Barth, 2007). As shown in Figure 
6.4, carbohydrate vibration spectra at 3300-2500 cm-1 represent O-H stretching of water 
molecules and carboxylic acids, with the other half of the peak delineating O-H stretching and H-
bonding of alcohols. Other alcohol-like bonds appear at 1320-1000 cm-1 alongside esters, ethers 
and C-O stretching of carboxylic acids (Tipson, 1968). 
 
 
log  = '2.303 (  1 − 1  (6.2) 
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Figure 6.3. (a) Master curve of reduced shear modulus (G', closed symbols and G", open 
symbols) as a function of reduced frequency of oscillation for 100:0 (, plotted on the right y-
axis), 40:60 (, ) and 0:100 (, ) (both plotted on the left y-axis) for whey protein/glucose 
syrup/linoleic acid systems and (b) WLF fits (open symbols) and Arrhenius fits (closed symbols) 
of shift factors as a function of temperature for these systems, with the dashed lines pinpointing 
the Tg estimates. 
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Figure 6.4. FTIR spectra of 80% total solids for whey protein/glucose syrup/linoleic acid 
compositions of 100:0, 80:20, 70:30, 60:40, 40:60, 0:100 including 1% linoleic acid and a single 
linoleic acid sample arranged successively upwards. 
 
In the molecular backbone of the single whey protein preparations, the stretching 
vibrations of C=O with minor contributions from C-N and C-CN bonds (Amide I) shift to a 
lower wavelength of 1627 cm-1 from their normal centre at 1650 cm-1 in the native 
configuration due to intermolecular interactions amongst adjacent protein molecules in the 
condensed system. In the presence of glucose syrup, the midpoint vibration of 40:60 wp:gs was 
found at a higher wavenumber of about 1634 cm-1 compared to the 100:0 and 80:20 wp:gs 
preparations of about 1627 cm-1 (Figure 6.4). This result advocates interference in the pure 
protein associations through hydrogen bonding of its C=O groups with hydroxyl groups of the 
glucose syrup (Barth, 2007).  
Similarly, Amide II vibrations, normally centred at ~ 1550 cm-1 in the native configuration 
of dilute aqueous systems (Kavanagh, Clark & Ross-Murphy, 2000), become 1530 cm-1 for the 
concentrated preparations of whey protein in this investigation. Inclusion of glucose syrup 
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relocates the Amide II peak to 1538 cm-1 for 80:20 wp:gs and 1547 cm-1 for the 40:60 
counterpart (Figure 6.4). The increase in Amide II vibrations are due to the formation of 
hydrogen bonding between N-H groups of the protein (which normally interact with its C-N 
moieties) and O-H groups of the glucose syrup. This outcome is consistent with the plasticising 
effect of co-solute on the structure formation of the protein at ambient temperature in Figure 6.1. 
Unlike the protein spectrum, functional groups of carbohydrates and their derivates cover a 
wide range of frequencies from 3300-667 cm-1 and, in particular, vibrational frequencies between 
1430 and 910 cm-1 are known as the fingerprints of carbohydrate spectra (Tipson, 1968). The 
presence of glucose syrup in the tertiary systems of our investigation results in sharp peaks at 
1149, 1077, 1021 and 938 cm-1, with the earlier three points corresponding to C-O-C stretching 
of aliphatic ether and C-C stretching of ketones, while the latter is the C-H of alkenes in the 
molecule. The intensity of these peaks elevates with increasing glucose syrup concentration in 
the mixture suggesting a prevalent role for the co-solute in the vicinity of the protein phase 
(Figure 6.4). 
Assigned bands in linoleic acid samples were denoted at 3012 cm-1 for olefinic=CH, 
2930-2859 cm-1 for C-H stretching, 1710 cm-1 for the C=O-ester group, 1471 cm-1 for CH2 
bending and 1434 cm-1 for COO- symmetric stretching (Cakmak, Miller, Zorlu, & Severcan, 
2012). However, vibrations from 2955 to 2852 cm-1 and 1450 and 1399 cm-1 correspond not only 
to linoleic acid but also to whey protein and glucose syrup. Thus, vibrational spectra of linoleic 
acid in this tertiary system exhibit overlapping peak regions with the other two components in 
Figure 6.4. Overall, there is no presence of new chemical traces or distortion of existing 
fingerprints in the dominant vibration modes to argue for specific covalent interactions between 
constituents in the high-solid matrix.  
Next, X-ray diffraction was employed to examine the phase morphology of the tertiary 
mixture in light of the results obtained from FTIR. Overlapping broad events were observed at 
2θ value of about 19° to 20°, with two further shoulders being recorded at 8° and 34° for the 
whey protein and glucose syrup components in our samples, respectively (Figure 6.5). The 
dominant hump suggests a primary arrangement of random molecules in the form of non-
crystalline assemblies in blends. The 2θ diffraction angle peaked at 19° is mainly attributed to 
protein β-sheet conformation overlapping with a carbohydrate carbon chain diffractogram at 
about 20° characteristic of glucose syrup (Kavanagh, Clark & Ross-Murphy, 2000). 
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Figure 6.5. X-ray diffractograms of 80% total solids for whey protein/glucose syrup/linoleic acid 
compositions of 100:0, 80:20, 70:30, 60:40, 40:60, 0:100 including 1% linoleic acid arranged 
successively upwards. 
 
Disappearing X-ray signal intensity at 8° was recorded by lowering the whey protein 
concentration in our systems. This is in contrast to the development of a peak at 34°, which is 
rather unique to glucose syrup-like preparations. A parallel increase in signal intensity at 20° is 
an indication of the prevalence of the co-solute phase in mixture with the globular protein. The 
amorphicity exhibited by the whey protein/glucose syrup network further supports the 
experimental routine and theoretical framework employed in treating glass dispersions with 
mechanical spectroscopy as illustrated in Figures 6.1 to 6.3. 
Finally, the fatty acid phase incorporated in 80% solid matrices of whey protein and 
glucose syrup was studied using Nile red excited at 488 nm on a confocal laser scanning 
microscope. The fatty acid phase appears as randomly dispersed red droplets in the featureless 
background of protein (Figure 6.6a), which gradually increases in size with glucose syrup 
addition in preparations (Figures 6.6b-e). The low intensity of the red colour detected in the 
absence of glucose syrup was due to the capacity of the protein to mask lipid, yielding low 
fluorescence signals. Mobile fatty acid can circulate easier in samples of glucose syrup leading to 
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sizeable particles of agglomerated molecules (Figure 6.6f). Tangible evidence of fatty acid 
morphology in the high-solid matrix is congruent to the plasticizing effect of glucose syrup on 
the whey protein network evidenced from mechanical data in Figure 6.1. Similarly, Grattard et 
al. (2002) demonstrated that increasing amounts of water molecules plasticise maltodextrin 
networks to create sizeable channels where entrapped oil flows to form large droplets.   
6.3.3. Prediction of diffusion parameters in relation to incorporation of glucose 
syrup in the whey protein/linoleic acid system 
This part of the work will evaluate the experimental body of free volume theory, 
summarised for the tertiary systems listed in Table 6.1, in relation to a correlative and predictive 
capability of diffusion patterns recorded in the temperature range of the glass transition region. 
In doing so, a series of diffusion data at various time/temperatures tests of linoleic acid release 
from whey protein/glucose syrup matrices were collected. Microconstituent transport was 
recorded as pink chroma from the reaction of vanillin-phosphate reagents with protonated fatty 
acid, quantified against a standard curve, and presented as absorbance and percent release. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6. CLSM images of 1% fatty acid entrapped in 79% total solids of whey 
protein/glucose syrup at (a) 100:0, (b) 80:20, (c) 70:30, (d) 60:40, (e) 40:60, (f) 0:100.  
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Figure 6.7a is a selected illustration of the time dependence for fatty acid release at 6°C, 
which is a temperature well within the glass transition region, i.e. T > Tg, of all experimental 
preparations according to Table 6.1. We have engineered conditions of a relatively slow 
diffusion through the monolithic systems to facilitate accurate comparisons of transport 
phenomena, leading to diffusion coefficients, as a function of changing composition. Longer 
times of observation, up to nine hours, yield increasing cumulative amounts of the sampled 
bioactive compound. Accelerated diffusion is recorded by incorporating higher amounts of co-
solute in the whey protein matrix at each time of observation and for the single glucose syrup 
presentation (0:100), for example, approaches 13% of the original linoleic-acid dose at the end of 
the experimental routine. Figure 6.7b depicts typical sampling intervals corresponding to 
diffusion data of a wide temperature range (6 to -30°C) obtained for the six systems of whey 
protein and/or glucose syrup following 9 hours of observation. At the high temperature end, 
describing conditions of the glass transition region, transport phenomena are at their highest 
level. The importance of the glassy state is documented at -30°C, which lies below or above the 
Tg estimate in Table 6.1 for 100:0 and 0:100 whey protein/glucose syrup preparations, leading 
to contrasting low and high levels of fatty acid release.    
Plasticisers like glucose syrup, water molecules, etc. are able to increase free volume by 
occupying space between polymeric chains and disturbing intermolecular hydrogen bonding that 
retard reformation of a rigid structure (Bocque, Voirin, Lapinte, Cailol & Robin, 2016). This 
accelerates the diffusional mobility of small-molecules including the linoleic acid of this study. 
The effect of free volume in promoting microconstituent transport has been demonstrated by 
Maeda and Paul (1987) who recorded a six-order increment in oxygen diffusion as a result of 
free-volume increase in various polymeric matrices from about 0.03 to 0.21. 
Plotting all diffusion data of linoleic acid against time of observation for each 
experimental temperature and whey protein/glucose syrup sample, subsets of which are shown in 
Figures 6.7(a,b) (p<0.05 fom Tukey’s post hock analysis), generates good linear fits (r2= 0.97 ± 
0.01), which indicate zero order release kinetics with the gradient being the rate constant 
(k=dx/dt). This allows estimation of the so-called spectroscopic shift factor (log aT = log ko/k), 
where ko is the gradient of a reference temperature chosen arbitrarily within the experimental 
range of interest (Kasapis & Shrinivas, 2010). Figure 6.8a illustrates an example of this 
approach for 40:60 wp/gs having a reference temperature of -34°C. Good linear relationships 
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were taken for log aT versus temperature plots (r2= 0.95 ± 0.02), which allow estimation of 
activation energy (Ea LA) for the diffusion of linoleic acid in all samples shown in Table 6.1. 
These vary consistently, i.e. reduced, from 55 to 41 kJ/mol with increasing addition of glucose 
syrup in the system. 
Figure 6.7. Absorbance and percentage release of linoleic acid to ethyl acetate as a function of 
(a) time for mixtures comprising whey protein/glucose syrup at 6°C as indicated and (b) 
temperature for the same mixtures after 9 hours diffusion.  
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Figure 6.8a also reproduces the corresponding mechanical shift factors obtained from the 
horizontal superposition of frequency sweeps in the glass transition region and glassy state of the 
40:60 wp/gs composite; these were obtained from equations (6.1-6.2), and some outcomes of this 
type of modeling are also depicted in Figure 6.3b. The modified Arrhenius fit yields an 
activation energy (Ea M) of 206 kJ/mol, which is considerably higher than for linoleic acid (Ea LA 
= 42 kJ/mol). Similar comparisons for all preparations in Table 6.1 underline the difficulty to 
structural relaxation in the polymer based matrix, as compared to the diffusional mobility of fatty 
acid. Theory of motion identifies the importance of segmental mobility in polymeric networks in 
allowing the diffusion of small molecules entrapped within the delivery vehicle at temperatures 
above Tg (Chan, Pathmanthan, & Johari, 1986; Roudaut et al., 2004; Tiemblo et al., 2001). 
 Once the physics of molecular diffusion and structural relaxation in the whey 
protein/glucose syrup/linoleic acid sample have been discussed, there is a need to advance the 
treatise in relation to the rate of mass transport (Crank, 1975; Roudaut et al., 1998; Siepmann & 
Siepmann, 2008). In doing so, we selected the generalised Fickian diffusion model, which has 
found widespread utility in model drug release for slabs:  
 
 
where, Mi, Mt and M∞ are the cumulative amounts of fatty acid released at initial, t and infinite 
time, respectively; Deff  is the effective or apparent diffusion coefficient of the bioactive material 
that travels only in the L direction (Peppas & Peppas, 1994; Wang, Wu & Lin, 2008; Tutuncu & 
Labuza, 1996; Choi et al., 2005). 
Figure 6.8b illustrates the values of diffusion coefficient as a function of temperature 
difference from the Tg estimates, i.e. T-Tg, for all samples of this investigation from equation 
(6.3). Gratifyingly, a smooth polynomial progression is obtained, especially for temperatures 
within the glass transition region, i.e. T > Tg, leading to higher molecular mobility. This is 
confirmed in Table 6.1 where Deff increases from 1.63 to 2.50 x 10-10 m2/s with increasing 
addition of glucose syrup at -16°C, which is the highest recorded glass transition temperature and 
corresponds to the condensed whey protein matrix.   
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Figure 6.8. (a) Spectroscopic shift factors of fatty acid diffusion in comparison to the mechanical 
shift factors of the whey protein/glucose syrup matrix at 40:60 (w/w) as a function of 
temperature and (b) Diffusion coefficients of linoleic acid in whey protein/glucose syrup 
matrices at 100:0 (), 80:20 (), 70:30 (), 60:40 (X), 40:60 () and 0:100 () as a function 
of T-Tg. 
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Our results complement the work by Champion et al. (1997) who reported higher 
fluorescein diffusion in sucrose-water solutions with increasing temperature and moisture 
content. Contreras-Lopez and co-workers (2000) argued that at least 10% polysaccharide 
(dextran, gum arabic or pullulan) is needed to have a significant effect on retarding the diffusion 
of sucrose in aqueous systems depending on the type of polymer. Diffusion of oxygen and 
various aroma compounds was also examined in relation to the physical ageing and glass 
transition temperature of natural polymers and edible films (Miller & Krochta, 1997; Tiemblo et 
al., 2001).  
6.4. CONCLUSIONS 
The diffusion of linoleic acid molecules from the whey protein/glucose syrup matrix was 
examined during vitrification of the condensed preparations. Results unveil the effect of rising 
molecular mobility in composite structures by increasing the level of small-molecule co-solute. It 
was documented that addition of distinct amounts of glucose syrup plasticised effectively the 
whey protein network, an outcome which was reflected in reduced values of the glass transition 
temperature. Generalised Fickian Law was utilised to generate effective diffusion coefficients, 
which increased smoothly with higher temperatures within the glass transition region of 
experimental preparations. It appears that the combined framework of glass transition and 
diffusion theory is robust enough to predict the lipid-to-matrix mobility for a broad temperature 
range above Tg. Thus, the effect of different levels of plasticiser on the diffusional kinetics of 
linoleic acid through condensed whey-protein networks was quantified.    
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Chapter 7 
Conclusions and future work 
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The purpose of this chapter is to provide an overview of contemporary developments in the 
field that led to this research, summarise results obtained from the current study, and 
make recommendations for further work. 
7.1.  INTRODUCTORY ASPECTS THAT LED TO THIS RESEARCH 
The rate of bioactive compound diffusion, including essential fatty acids, in glassy 
biopolymer systems is of considerable interest in food and nutraceutical manufacture, and many 
theoretical models have been employed in relation to a predictive approach. This is because the 
metastable properties of biopolymer networks affect significantly the diffusion kinetics of 
bioactive compounds (Panyoyai, & Kasapis, 2016). Literature shows that to be the case in high 
solid samples of protein and polysaccharide supporting a homogeneous distribution of bioactive 
constituents. The first step in this type of work is to characterise the thermomechanical behaviour 
of polymeric matrices in relation to their glass transition temperature (Tg). Among the predictive 
models of structural relaxation, the free volume theory of diffusion is considered to treat 
transport phenomena within glassy polymers with some success (Roudaut et al., 1990). The 
theory hypothesizes that at temperatures above the glass transition temperature, the effective 
diffusion coefficient of microconstituent transport would increase in accordance with the free 
volume of the polymer matrix.  
It is understood that the mobility of biopolymer systems in the vicinity of the glass 
transition temperature is related to complex molecular phenomena. Within the glass transition 
region, amorphous viscoelastic materials see a dramatic reduction in free volume with rapid 
cooling, which can be monitored as a broad variation in heat capacity or viscosity (Perez, 1990). 
The dramatic decrease in viscosity is accompanied by structural reorganisation leading to limited 
translational mobility that promotes physicochemical stability. Devitrification can be achieved 
by increasing the temperature above Tg, with the frozen-in molecules starting to resonate leading 
to a structural relaxation of the condensed matrix (Roudaut et al., 2004). 
To address the experimental observations of structural relaxation, as described in the 
preceding paragraphs, mechanical properties of the polymeric material within the glass transition 
region were followed in a number of systems of synthetic and natural polymers with the free 
volume theory as described by the Williams-Landel-Ferry (WLF) equation (Ferry, 1991). The 
rheological behaviour  characterised by reduced solid-like (G') and liquid-like (G") shear 
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modulus in the form of shift factor were modeled with the WLF equation in the case of small 
deformation measurements that constitute a liner viscoelastic response (non-invasive technique): 
 
 
 
                                                                                                                             
 
 
where, C1o and C2o (deg) are the WLF constants, fo is the fractional free volume of the material at 
To, αf  is the thermal expansion coefficient (deg-1) above Tg, and B is usually taken as one (Hoare 
& Kohane, 2008). This framework of thought was one of the mainstays of utility in the work of 
the present thesis, as described succinctly below. 
7.2. CONCLUSIONS FROM THE WORK OF THIS PhD THESIS 
The present work followed the polymer science approach for several matrices based on 
natural polymers, i.e. high methoxy pectin/glucose syrup, κ-carrageenan/polydextrose, and whey 
protein/glucose syrup at various combinations: 100:0, 80:20, 70:30, 60:40, 40:60 and 0:100 
(w/w). All the systems were subjected to small deformation dynamic oscillation in-shear to 
determine the mechanical transformation from “rubbery-to-glassy consistency”. In doing so, 
frequency sweeps from 0.1 to 100 rad/s were recorded, and data were superposed horizontally at 
an arbitrarily chosen reference temperature within the glass transition region. This is the so-
called time-temperature superposition principle that produces the master curve of viscoelasticity 
and a series of shift factors (aT) due to data superposition (Kasapis, 2006). 
Table 7.1 summarises the data for the polysaccharide or whey protein matrices plus co-
solute for total solid levels of 80 or 85% (w/w). For each system, the mechanical glass transition 
temperature is estimated alongside the free volume at Tg (fg). In the case of whey protein/glucose 
syrup preparations, the free volume at -16°C increases from 0.032 to 0.058 without and with the 
co-solute. This can be attributed to the plasticising effect of glucose syrup leading to higher 
estimates of free volume and lower values of the glass transition temperature, i.e. from -16 to -
39°C for 100:0 and 0:100 formulations, respectively. 
           C10 =  B2.303 	0    and   C20 =
	0	               
log  = − 10( −  )20 + ( −  ) (7.1) 
(7.2) 
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Besides the structural observations within the mechanical glass transition region, 
properties of biomaterials within the glassy state, i.e. T < Tg, are of interest for both fundamental 
and technological considerations. Here, structural relaxation of polymeric networks and 
molecular motion of chain segments are retarded considerably to produce effectively stable 
systems (Zhang & Wang, 1987a). It is expected that shift factors from frequency sweep data do 
not respond to the free volume theory, and instead configurational rearrangements from one state 
to another follow the modified Arrhenius equation that includes a set of two experimental 
temperatures according to the predictions of the reaction rate theory (Kasapis, 2008): 
        
 
           
 where, Ea is the activation energy for the extremely slow molecular flow and R is the gas 
constant of 8.31 J K-1 mol-1.  
 
Table 7.1. Parameters characterising structural properties of polymer matrices and diffusional 
mobility of fatty acids. 
Matrix HMP/GS κ-Car/PD WP/GS 
100:0 80:20 70:30 60:40 40:60 0:100 
Fatty acid oleic 
acid 
α-linolenic 
acid 
linoleic acid 
Total solids (%) 85 85 80 80 80 80 80 80 
Tg (ºC) -15 -8 -16 -18 -22 -26 -35 -39 
fg 0.040 0.042 0.040 0.034 0.035 0.037 0.040 0.040 
f at -16 ºC 0.041 0.042 0.032 0.035 0.039 0.044 0.055 0.058 
Ea,M (kJ/mol) 251 233 335 296 275 230 206 193 
Ea,FA (kJ/mol) 24 20 55 52 49 46 42 41 
Diffusion 
exponent (n) 0.34 0.35   0.85 0.83 0.69 0.68 0.65 0.60 
Diffusion 
coefficient 
(x10-10 m2/s) 
at -16ºC 
22.6 7.36 1.63 1.70 1.86 2.04 2.31 2.50 
Coupling 
parameter, ξ 
( x 10-3) 
5.99 
 
4.25 
 
5.80 5.99 6.43 6.69 6.95 7.55 
HMP stands for high-methoxy pectin; κ-Car is κ-Carrageenan; WP is whey protein; GS is glucose syrup; 
PD is polydextrose; f and fg are the fractional free volumes at T and Tg, respectively; Ea,M and Ea,FA are the 
activation energies of polymer matrix and fatty acid, respectively. 
log T =  '2.303( (1T − 1To)               (7.3) 
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Activation energy estimates for the glassy state of all systems are given in Table 7.1. 
Clearly, the compactness of the globular protein molecule (Bocque et al., 2016) accounts for the 
high values of Ea (335 kJ/mol in 100:0). This is in contrast to the lower estimates for 
polysaccharide chains that dissolve in the high solid environment of glucose syrup and 
polydextrose, for example, 233 kJ/mol for the κ-carrageenan preparation. Inclusion of co-solute 
in the whey protein matrix reduces the activation energy required for configurational 
rearrangements in the glassy state to 206 kJ/mol in the 40:60 mixture. Again, the plasticising 
effect of glucose syrup on the polymer network is demonstrated, as reported earlier for the values 
of free volume (Ferry, 1980).  
Introduction of polyunsaturated fatty acids (1% w/w) to the biopolymer/co-solute matrix 
generates a new dimension of molecular mobility, which relates to the diffusion of the 
microconstituent from the glassy polymer to a liquid medium. The solvent was chosen to be an 
organic liquid (ethanol, dichloromethane or ethyl acetate) that was immiscible with the matrix in 
order to ensure stationary boundaries during experimentation. The rate of diffusion was 
monitored as a function of time and temperature and analysed for total lipids using a 
chromophoric method (sulfo-phospho-vanillin assay). UV-vis data as a function of time for each 
experimental temperature were found to follow a linear relationship, with the gradient yielding 
the rate constant of a zero order kinetic process (k = dx/dt). In an analogous manner to the 
superposition of frequency sweeps yielding the mechanical shift factor, absorbance data at a 
series of assayable temperatures were superposed. That facilitated calculation of the 
spectroscopic shift factor, as follows (Kasapis & Shrinivas, 2010): 
  
 
 
where, ko is the rate constant of fatty acid diffusion at the reference temperature. To.  Plotting the 
spectroscopic shift factors within the glass transition region creates a good linear relationship 
indicating an Arrhenius type mechanism of fatty acid diffusion for the environmental 
conditionsused in this study. The energy of activation for the diffusion of fatty acids in Table 7.1 
(EaFA) is much lower than for the polymeric counterparts (EaM), an outcome which argues that 
the molecular mobility of the microconstituent is decoupled from the structural relaxation of the 
polymeric matrix.   
(7.4)           log T = log ##                          
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The study was further advanced by seeking to understand the release mode of fatty acid 
using the generalised Fickian law according to the empirical equation of Peppas and Peppas 
(1994). This calculates values of the diffusion exponent (n), which are reproduced for all systems 
in Table 7.1. The results suggest that the diffusion of fatty acids in polysaccharide is Less 
Fickian (n < 0.5) due to the incongruous chemical nature of the two components, whereas the 
partially hydrophobic nature of whey protein accelerates permeability of the microconstituent 
leading to a more Fickian (anomalous) transport (n > 0.5).  
The consistency in experimental observations allowed selection of the “half time” Fickian 
equation in order to estimate the effective diffusion coefficient (Wang, Wu, & Lin, 2008): 
 
 
 
where, (M∞-Mt)/(M∞-Mi) is the cumulative amount of fatty acid release at various timeframes of 
experimentation, t presents the experimental time intervals, L is the thickness of the delivery 
vehicle (slab) and Deff is the effective diffusion coefficient of fatty acid. The latter can be 
affected by several factors including temperature, presence of plasticisers, concentration and 
nature of the polymeric material, penetrant and degree of crosslinking (George & Thomas, 
2001). 
Diffusion coefficient values are reproduced at -16°C in Table 7.1, i.e. a temperature 
regime where the present systems are in a variable state of vitrification. The plasticizing 
influence of the small molecule co-solute, in relation to the diffusivity of fatty acid, is 
demonstrated once more in the proteinaceous matrices. Thus, higher values of Deff from 1.63 to 
2.50 x10-10 m2/s are obtained with the addition of glucose syrup in the whey protein network. 
Similar results were found in a study of gas permeability in edible films made with changing 
amounts of sugar and moisture (Arvanitoyannis, Psomiaduo, Nakayama, 1996). 
Some experimental observations of free volume and effective diffusion coefficient for the 
whey protein/glucose syrup samples obtained from equations (7.1) to (7.5) are depicted in 
Figure 7.1. Clearly, there is a congruent increase in both concepts with higher temperatures of 
observation above Tg. This qualitative agreement between macro- and micromolecular processes 
argues that the free volume theory of diffusion might be a unifying concept for both molecular 
phenomena (Doolittle, 1951; Cohen and Turnbull, 1959; Vrentas & Duda, 1979; Fujita, 1991). In 
      ,∞ − ,1,∞ − ,; = 4 
.6		  1592 
1 2a     (7.5) 
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order to encompass the molecular mobility of both dispersant and monolithic matrix, a shift 
factor of diffusion can be utilised in the form: -log aT = log [D(T)/D(Tg)] (Lohfink & Silescu, 
1993; Karbowiak et al., 2011). Inclusion of the diffusion shift factor in the framework of 
equations (7.1) to (7.5) generates the following mathematical expression (Panyoyai & Kasapis, 
2016):  
 
 
 
which unveils a linear relationship between the logarithmic of the effective diffusion coefficient 
and the inverse of fractional free volume. Parameter ξ is the critical molecular volume ratio of 
the jumping unit of the fatty acid (vs*) to that of the biopolymer matrix (vm*), often written as ξ = 
vs*/ vm* (Ehlich & Sillescu, 1990).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1. Diffusion coefficients (Deff) of 1% linoleic acid through 79% whey protein/glucose 
syrup matrices at 100:0 (circle), 40:60 (diamond) and 0:100 (triangle) presented as closed 
symbols (left y-axis) and fractional free volume of the condensed matrix within the glass 
transition region presented as opened symbols (right y-axis). 
log 8.eff  ().eff  (g): =
ξ2.303 81	g −
1	: (7.6) 
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Figure 7.2. Diffusion coefficients  (Deff) versus inverse function of fractional free volume of  
linoleic acid release from whey protein/glucose syrup matrices at 100:0 (x), 80:20 (), 70:30 
(), 60:40 (), 40:60 () and 0:100 (). 
 
 
Figure 7.2 demonstrates this linearity for polymer/co-solute mixtures extending from 
pure whey protein to glucose syrup preparations. Good linear fits are obtained between effective 
diffusion coefficient and inverse fractional free volume (r2 = 0.97 ± 0.02) for all systems tested, 
which leads to a credible estimation of the parameter ξ. In brief, the term “jumping unit” refers to 
the availability of “holes” or vacant spaces within the system allowing interstitial mobility 
(Fujita, 1991). In concentrated systems, molecules migrate by “jumping” from one void to 
another, and this is affected by the redistribution of free volume as a result of changes in 
temperature. There are two criteria that have to be fulfilled for molecules to migrate: first, there 
is sufficient space to accommodate the size of diffusing species and second, these should possess 
enough energy to overcome attractive forces and move to the neighbouring voids (Barrer, 1957; 
Zhang & Wang, 1987b). When the molar volume of the jumping unit of the system is much 
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higher than the molar volume of the diffusant (vs*<< vm*), creating a low mesh-size network, the 
diffusant can only move following segmental rearrangements of the polymeric network (Ehlich 
& Sillescu, 1990). 
 
Figure 7.3. Coupling parameters (ξ) of linoleic acid release from whey protein/glucose syrup 
matrices as a function of co-solute concentration (%). 
 
Calculation of ξ values from Figure 7.2 and equation (7.6) have been implemented for 
the polysaccharide and whey protein networks with glucose syrup or polydextrose, with 
outcomes being given in Table 7.1. These range from 4.25 to 7.55 x 10-3 and are in the same 
range as earlier estimates on vitamin diffusion from condensed networks of natural polymers 
(Panyoyai & Kasapis, 2016). Moreover, these values have been plotted in Figure 7.3 for the 
proteinaceous materials with increasing additions of co-solute. In essence, they constitute 
evidence of the extent of interaction between the two constituents in the mixture and increase in 
an exponential fashion. This is due to the reduction in the critical molecular volume of the 
jumping unit of the polymer with the introduction of the low molecular weight co-solute 
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(glucose syrup), with the critical molecular volume of linoleic acid remaining constant. Rapid 
redistribution of “hole-free volume” within the system facilitates “jumping” of fatty acids from 
one lattice point to another thus accelerating diffusion.  
7.3. FUTURE RESEARCH 
It would be very interesting; in order to advance this field of structure function 
relationships in biopolymer/bioactive compound interactions and mobility, to examine the 
molecular relaxation of proteins and polysaccharides, in low and high solid systems in the 
presence or absence of co-solute, in relation to controlled diffusion kinetics. Fitting experimental 
diffusivity data in glassy matrices of composite systems via blending law modelling and free 
volume based theory should generate new constitutive equations that predict and control the 
extent of molecular interaction between macromolecules and microconstituent. That work could 
further be amended by the gradual substitution of polymer with small-molecule co-solutes, 
including glucose syrup or a blend of glucose syrup and sucrose, to induce a plasticising effect 
that should affect profoundly the level of molecular interaction, hence the diffusion of bioactive 
material in the condensed biomaterial.   
Moving a step closer to formulations of commercial product concepts, effective delivery 
of functional ingredients is affected by the capacity of carriers to provide protective layers and 
preserve bioactive compounds within multifaceted systems. Innovative food formulation 
engineering is moving toward enhancing bioavailability of selective components to satisfy 
consumer’s demand for wellbeing alongside improved sensory attributes. Future technology 
must utilize natural polymers, derived from plant, marine and animal sources, and contrast their 
properties to laboratory synthesised counterparts in order to provide credible alternatives to 
barrier and osmotic diffusivity of microconstituents.  
It should be remembered that solute release in the form of bioactivity from polymer based 
delivery vehicles is a dual function of a mechanism that describes diffusional mobility and a 
parallel or perhaps competing mechanism that follows the relaxation patterns of the supporting 
matrix. This type of thinking has not been considered in depth for applications in biomaterial and 
processed food systems, but avails fertile ground for further molecular research. It should take 
into account the expectation that molecular diffusion should obey a Fickian release model 
according to a concentration or chemical potential gradient between adjacent and partially 
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overlapping molecular phases. On the other hand, relaxation contributions to this type of analysis 
should be attributed to the stress effects manifest upon the polymeric matrix when it comes in 
contact with a molecularly miscible solvent in the form of water, an aqueous phase or other 
biological fluid. This contact would lead to a certain degree of swelling in the delivery vehicle 
that should considerably affect the dynamics of diffusional mobility in the complex system. The 
elucidation of the relative contribution of the two processes and the extent to which one 
dominates the other with changing kinetic rates as a function of time of observation, 
environmental temperature and pH variation that simulates conditions in the gastrointestinal tract 
would be extremely useful to possess. 
However, the relaxation of a polymeric matrix is not the single factor affecting bioactive 
transportation. Physicochemical interactions amongst the various components of the complex 
system and the mean size of openings between polymer chains, i.e. the network mesh size, also 
influence the mode of transportation in these materials. This aspect of molecular motion 
becomes even more pronounced in biphasic gels with multiple interfacial constraints. There have 
not been attempts to monitor in systems that imitate processed food the mechanism of aqueous 
solvent penetration in the polymeric matrix and consequent bioactive compound release from 
these matrices. Future research, then, should identify to what extent blending law analysis can be 
modified to translate into diffusional studies. Currently, blending law modelling is confined to 
the expression of overall storage modulus as a sum of the product of individual-phase moduli 
times the corresponding phase volumes. It would be extremely interesting if a protocol could be 
developed that incorporates the effective diffusion coefficient from each polymeric phase in 
relation to its phase volume in order to afford estimation of the overall diffusion pattern from the 
composite matrix to the surrounding organic solvent. Successful implementation of this type of 
approach would provide valuable insights into “drug” release by reaching comprehensive 
understanding behind these processes. 
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